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section  1 .  INTRODUCTION 


l-l  PLEASE  READ  THIS  FIRST.  You  should  glance  through  this  entire 
manual  before  starting  any  savings  calculation.  If  you  must  start 
calculating  before  reading,  at  least: 

•  Become  familiar  with  the  Energy  Monitoring  and  Control  Systems 
(EMCS)  applications  software  discussed  in  Chapter  3,  Section  II 
of  Energy  Monitoring  and  Control  Systems.  Technical  Manual 
TM5-815-2/NAVFAC  DM-4.09/AFM  88-36. 

•  Read  Appendix  A,  Variables. 

•  Read  Appendix  B,  Constants  and  Conversion  Factors. 

1-2  PURPOSE.  This  manual  provides  methods  for  estimating  energy 
savings  obtainable  through  the  use  of  EMCS  applications  programs  as 
described  in  Chapter  3,  Section  II  of  ^nerov  Monitoring  and  Control 
Systems .  Software  known  as  the  Energy  Savings  Analysis  (ESA)  program 
has  been  developed  to  largely  automate  the  savings  calculation 
process.  This  manual  should  be  used  in  conjunction  with  the  ESA 
program  to  provide  portions  of  the  input  data  and  to  explain  the 
basis  for  factors  and  calculations.  The  manual  also  aids  the  user  in 
performing  manual  calculations  when  necessary. 

The  calculations  are  intended  to  provide  reasonable  approximations  of 
savings  but  not  a  detailed  energy  analysis  of  each  building.  Best 
results  are  obtained  by  use  of  energy  analysis  (simulation)  computer 
programs . 

Note:  Simulation  programs  are  required  for  Optimum 
Start/Stop  and  Economizer  calculations  and  provide 
better  accuracy  for  others. 

Twenty-seven  typical  HVAC  systems  to  which  EMCS  conservation  programs 
may  be  applied  are  shown  in  Figure  5-1.  System  schematics  and  I/O 
summary  tables  may  be  found  in  the  Energy  Monitoring  and  Control 
Systems  manual. 

1-3  ARRANGEMENT. 

1-3.1  Section  I.  INTRODUCTION.  This  section  describes  the 
contents  of  the  manual  and  presents  a  brief  background  for  EMCS 
savings  calculations. 

1-3.2  Section  II. _ riELD  SVRySY,  DATA  CQLtLEgTIgM.  This  section 

describes  the  field  data  required  for  EMCS  savings  calculations. 

1-3.3  Section  III.  ESA  COMPUTER  PROGRAM.  This  section  contains 
the  ESA  program  users  manual. 
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1*3*4  Section,  rv .  FACTOR  CALCUIATIONS .  This  section  describes  the 
development  of  climate  and  building  based  factors  which  are  required 
for  the  savings  calculations. 

1-3.5  Section  V.  SAVINGS  CALCUIATIONS.  This  section  presents  the 
EMCS  savings  calculation^^ . 

1*3.6  SftgtiQn  .Yl« _ EXAMPLE  SAVINGS  CALCUIATION.  This  section 

provides  a  complete  savings  calculation  for  a  hypothetical  building 
using  data  collectad  in  Section  II,  factors  derived  in  Section  IV, 
and  the  methodology  of  Section  V. 

1*3.7  Appendix  Ax _ DEFIWlTIQlfS  QF  VARIABLES.  This  appendix 

contains  definitions  for  the  variables  used  throughout  the  manual. 

1-3.9  Appendix  B.  CONSTANTS  and  CONVERSION  FACTORS.  This  appendix 
contains  descriptions  jf  the  constants  and  conversion  factors  used  in 
the  manual  and  conta'  .s  brief  derivations  where  applicable. 

1-3.10  Appendix  C. _ A>HRAE  DATA*  Data  reproduced,  with  permission, 

from  ASHRAE  Handbooks.  Data  includes  "U"  factors,  "R"  factors, 
psychrometric  chart,  and  compressor  performance  values. 


1-3.11 

Appendix  D. 

ACRONYMS . 

1-3.12 

Appendix  £. 

REFERENCES . 

1-3.13 

Appendix^^ . 

BLANK  DATA  INPUT  FORMS . 

1-4  GENERAL  APPROACH.  The  three  methods  for 
discussed  below  are  the  most  widely  used. 

energy  analysis 

1-4.1 

Bin  Wgathcr 

Data  Method.  This  method 

uses  weather  data  which 

is  separated  in  5  degree  increments  Known  as  bins.  The  purpose  is  to 
determine,  using  engineering  calculations,  the  amount  of  heating  or 
cooling  energy  that  a  building  will  require  at  any  given  outdoor 
temperature.  The  energy  consumption  is  determined  by  multiplying  the 
energy  requirement  at  any  given  temperature  by  the  number  of  hours  at 
that  temperature  and  summing.  This  is  the  least  accurate  of  the 
three  methods  but  will  generally  yield  acceptable  results. 

1-4.2  Energy  Analysis  Computer  Programs.  These  programs  fall  under 
a  variety  of  commercial  names  which  are  generally  Known  as  simulation 
programs.  Most  programs  perform  energy  balance  calculations  hourly 
over  the  analysis  period,  typically  one  year,  and  require  hourly 
weather  data  and  hourly  estimates  of  internal  loads  such  as  lighting 
and  occupants.  They  model  building  systems  and  conditions  while 
allowing  the  user  to  easily  do  repeated  "what  if"  investigations  of 
alternatives.  Output  values  can  vary  widely  with  a  25%  difference 
not  being  uncommon. 
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1-4.3  Energy  Use  Evaluation.  Much  information  can  be  obtained  from 
building  utility  records.  The  quantity  and  type  of  data  available 
depend  on  the  type  of  metering  installed.  Analyzing  this  data  can 
allow  a  precise  determination  of  the  quantities  of  energy  used  for 
various  purposes  in  the  building.  The  analysis  eliminates  the  need 
for  estimates  and  can,  therefore,  yield  accurate  results. 

1-5  WEATHER  DATA  SOURCES. 


Air  Force  Manual  AFM  88-29 
Army  Technical  Manual  TM  5-785 
Navy  Manual  NAVFAC  P-89 


Software  written  in  Basic  for  PC/MS-DOS. 
Available  from; 


ASHRAE,  Inc. 

Publication  Sales 
1791  Tullie  Circle  NE 
Atlanta,  GA  30329-2305 


1-6  POINT  OF  CONTACT.  This  manual  was  prepared  for  the  Naval 
Facilities  Engineering  Service  Center  (formerly  the  Naval  Civil 
Engineering  Laboratory) ,  Port  Hueneme,  California.  Comments  or 
requests  for  additional  information  should  be  directed  to: 


Commanding  Officer 

Naval  Facilities  Engineering  Service  Center 
Code  ESC21 

Port  Hueneme,  California  93043-4328 
Telephone:  (805)  982-1268 

551-1268  (DSN) 


U.S.  Army  Corps  of  Engineers 
Huntsville  Division 
Huntsville,  Alabama  35805 
Attention;  HNDED-ME 
Telephone:  (205)  899-3322 
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Section  II.  DATA 


2~1  INTRODUCTIOK.  This  section  consists  of  field  survey  data 
talceoff  sheets  and  screen  data  input  sheets.  Sheets  may  be 
duplicated  as  necessary. 

2-1.1  ESA  Program  Field  Survey  Data  Sheets.  These  sheets  may  be 
used  in  conjunction  with  an  EMCS  feasibility  base  survey  to  filter, 
simplify,  and  tailor  data  specifically  for  use  by  the  ESA  program. 

2-1.2  ESA  Program  Screen  Data  Input  Forms.  These  input  forms  are 
copies  of  the  ESA  program  screens.  They  may  be  used  as  pazrt  of  the 
data  input  process. 

NOTE:  Six  different  input  forms  (screens)  are  used  for  all 
twenty-seven  system  types.  The  strategies  listed  in  the 
System  Strategy  Selection  and  Annual  Savings  block  cover 
all  possibilities  for  the  input  form  but  not  all  strategies 
apply  to  every  system.  Refer  to  Figure  5-1  for  strategy 
applications. 
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ESA  Program  Field  Survey  Data  Sheets 
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I  GROUP _ BUILDING _ 

BUILPINQ  DATA  (1/3) 

Buadng  Hour*  of  Optration:  OKXNOBOO  09001600  17002400  Other 

Hettirtg  Fuel  Type; _ 

Sketch  Building  -  Locate  Zones,  Windows,  Doors,  etc. 
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GROUP 


BUILDING 
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GROUP 


BUILDING 


WINDOW  TYPE. 
WINDOW  TYPE. 
WINDOW  TYPE - 


DOOR  TYPE _ 

DOOR  TYPE 
DOORTYPE_ 


RVALUE. 

RVALUE. 

R-VALUE. 


R-VALUE. 
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SYSTEM 
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CURRENT  OPERATING  SCHEDULE 
Houre/Week  Heating  System  <Hh>  . 
Houra/Week  at  WSP  <Hwsp>  .. 


FAN  DATA 

KuDction 
Supply  Air 
Return  Air 


PROPOSED  OPERATING  SCHEDULE 
Hourt/Week  Heating  System  <HhEMCS>  . 


PUMP  DATA 


AUXDATA 

Eupctioo 

<HP> 

MAX/MIN 

ZONE 

DATA 


<:WSP>  - 
<LTL>  . 
<DCST> 


<OH> _ 

<WSPR> 
<DLST>  . 


<WU> 
<Dh>  . 


REMARKS 


GROUP 


BUILDING 


SYSTEM 


S.  Hot  Water  Boiler 


Syitem  n— ^ 

Location  .  ,  -  ■ 

Efficiency  Increase 
when  Changing  Boilers  <BCEI> 
System  Availability  (days/year)  — 


ynn— 

Heating  Energy  Fuel  Type  -  -  —  —  ■— 

Max  Total  Capacity  (Btu/hr)  <CAP> _ 

Heating  system  Efficiency  Increase  <OAEl> 
System  Efficiency  <HSE> _ 


GROUP 


BUILDING 


SYSTEM 


!  W.  Yittat  Cocilad  DX  Comprvncr 
I  X.  Air  CooM  DX  ComprM«or 


Y.  Air  Cool«d  Chiller 

Z.  Water  Cooled  Chiller 


Syatam  ^  ■ 

I  <v«tinn 

ChOlerType:  (1)  Cerrtrifugal  (2)  Abeorptiott 

(3)  Reciprocal  (4)  Screw  Comp 

Centrifugal  ChMar  Motor  HP  <CHP> _ 

Centrifugal  Chiller  Motor  EffiderKy  <CME> - 

Syitem  Availabiiity  (dayt/y*v)  .  i— 


Zortes 

Ettergy  Used/Ton  Refrigeration  <CPT> 

Chiller  Capacity  (tons)  <TON> 

Present  Condenser  Water  Temperature  <PCWT> 
Is  the  condenser  ten  continuous  or  cycling?____ 
Chiller  water  temperature  reset  <CWTR> _ 


EfRcierwy  increase  when  changirtg  chillers  <CSEI>  „  .  _ _ _ 

Can  the  centrifugal  chHIer  be  shut  dcwn  tor  demand  limitinQ?  (Y/N) _ Foi 

Can  the  centrifugal  cNIler  capacity  be  stepped  down  tor  demand  limiting?  (Y/N) 


For  what  %  time?  <  SDT> _ 

^N) _ By  what  %?  <SDC> . 


CURRENT  OPERATING  SCHEDULE 
Hours/Week  Coolirtg  System  <H6>  . 


PROPOSED  OPERATING  SCHEDULE 
Hours/Week  Cooling  System  <HeEMCS> 


FAN  DATA 

fviKftgn 

<HP> 

PUMP  DATA 

£ua^ 

<HP> 

GROUP 


BUILDING 


SYSTEM 


REMARKS 
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ESA  Program  Screen  Data  Input  Forms 


GROUP 


BUILDING 


A 


J 


Climat* 


Variable  Description 

Symbol 

Value 

Units 

Avg  Eraering  Condenser  Water  Temperature 

ACWT 

•F 

Annual  Number  of  Days  tor  Morning  Warmup 

ANDW 

daya/year 

Average  Summer  Temperature 

AST 

•F  1 

Average  Winter  Temperature 

AWT 

•F 

Cooiirtg  Fun-Load  Hours 

C»T>I 

hrs/year 

Heating  Full-Load  Hours 

HFLH 

hrs/year 

Weeks  of  Cooling 

WKC 

wks/year 

Weeks  of  Heating 

WKH 

wks/year 

1  Average  Outside  Air  Enthdpy 

OAE 

Btu/lb 

1  Percent  Run  Time 

PRT 

percent 

1 

Building 


( ]  Cheek  here  if  ChUler  uses  steam. 

Heating  Fuel  Type:  ** 

choice  list 

V«1able  Description 

Symbol 

Value 

Units  1 

Heating  Value  of  Fuel 

HV 

Btu/  1 

Mod  Comb  Thermal  Transmittance 

UoAo 

Btu/hr»*F 

Total  Air  Infiltration 

1 

cfm 

(ikoss  Floor  Area 

Af 

ft* 

1  BuikJirrg  Thermal  Transmission 

BTT 

Btu/hr»fl'  •*F 

**  Huting  Fuel  Type: 

3413  Btu/kWh 
11.600  Btu/kWh 
138.890  Btu/gellon 
149,690  BUi/gallon 
1.025  Btu/d 
2500  Btu/cf 
91,500  Btu/gallon 
26,260,000  Btu/short  ton 
1000  BhJ/lb 
1390  Btu/lb 

***  BTT  it  calculated  by  the  program. 


Electricity  (at  the  meter) 
Electricity  (at  point  of  generation) 
Fuel  eU.  distillate  #2 
Fuel  oil.  residual  #6 
Natural  gas  (metharte) 

Propane,  gas 
Propane,  liquid 
BitumincM  coal 

Steam  (at  point  of  consumption) 
Steam  (at  point  of  generation) 
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GROUP 


BUILDING 


SYSTEM 


Apptlobto  Syttems _ _  _ _ _ _ 

I  A.  Singici  Zon«  AHU  D.  Multi-zon«  AHU  Q.  Two  Pipe  Fan  Coil  Unit  ! 

I  B.  Tarminal  RahatZ  AHU  E.  Singla  Zona  OX*A/C  H.  Four  Pipe  Fan  Coil  Unit  ' 

i  C.  Variabla  Voiuma  AHU  F.  Multi-zor>a  OX-A/C  ' 


Syatam  Data  Entry 


Syatam  Datcription: 


Viiriabla  Deacription 

Symbol 

Value 

Ur>it8 

Araaof  zona 

Az 

ft* 

Winter  thermostat  setpoint,  occupied 

WSP 

•F 

Low  temperature  limit 

LTL 

•F 

Heating  operation  without  EMCS 

Hh 

hours/week 

Heating  operation  wiht  EMCS 

HhEMCS 

hours/week 

Heating  system  efficiency 

HSE 

decimal 

Summer  thermostat  setpoint,  occupied 

SSP 

•F 

Return  air  enthalpy  when  unoccupied 

RAE 

Btu/lb 

Cooling  operation  without  EMCS 

He 

hours/week 

Cooling  opwation  with  EMCS 

HcEMCS 

hours/week 

Cooling  energy  oorrsumption  per  ton 

OPT 

*#** 

Supply  air  capacity 

CFM 

cfm 

Present  fraction  of  outside  air  used 

POA 

decimal 

Equipment  rrtotor  horsepower 

HP 

hp 

Equipment  motor  load  (actor 

L 

decimal 

1  Zone  occupied  hours 

OH 

hours/week 

Duty  cycling  shutdown  time 

DCST 

percent 

Demand  limiting  shed  time 

DLST 

percent 

Winter  thermostat  setpoint  reset 

WSPR 

•F 

Winter  setpoint  equipment  operation 

Hwsp 

hours/week 

SumrrMr  thermostat  setpoint  reset 

SSPR 

•F 

Summer  setpoint  equipment  operation 

Hssp 

hours/week 

kW/ton  or  Ib-ion/hr 


of 
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GROUP 


SYSTEM 


BUILDING 


AppHcabta  Sy»wnnt 


A. Singl9Zon«  iU  D.  MuW-2on«  AHU  Q.  Tvvo  Pip*  Fan  Coil  Unit 

B.  Tamwial  R*h*at  AHU  E.  Singl*  Zoo*  OX-A/C  H.  Four  Pip*  Fan  Coil  Unit 

C.  Variabi*  Volum*  AHU  F.  MuM-zon*  DX-A/C 


Systam  Data  Entry  (oontinuad) 


Shutdown  ayatom  whan  bldg  unoccupiad? 

Praaant  wanmup  tim*  bafor*  occupancy 

Haatirtg  aquipmant  oparating  achadul* 
CooHng  aquipmant  oparating  nchadul* 
Purg*  tim*  bafor*  occupancy 

WU 

Dh 

Oc 

PT 

-  • 

YorN 

houra/day 

daya/waak 

*F 

•F 

Fraction  of  total  air  thru  hot  dock 

Phd 

daeimal 

Hot/cold  dack  aquipmant  oparation 

Hhc 

houra/waak 

Summar  hot  dack  raaat 

SHDR 

•F 

Wintar  hot  dack  raaat 

WHDR 

*F 

Fraction  of  total  air  thru  cold  dack 

Pcd 

dacknal 

Sunwnar  cold  dack  raaat 

SCOR 

•F 

Rahaat  cooling  coil  diacharg*  raaat 

RHR 

•F 

Optimum  atart/atop  haadng  aavtnga 

MBtu 

Optimum  atart/atop  htg-vani  aavinga 

MBtu 

Optimum  atart/atop  htg  aux  aavinga 

kWh 

Optimum  atart/atop  cooUrrg  aavinga 

MBtu  or  kWh 

Optimum  ujrt/atop  dg-varrt  aavinga 

MBtu  o«  kWh 

Optimum  atart/atop  dg  aux  aavinga 

kWh 

Eeonomizar  cooling  aavinga 

MBtu  or  kWh 

GROUP 


BUILDING 


SYSTEM 


• 

Applicable  Systems 

!  A.  Single  2one  AHU 

D.  Multi-zone  AHU 

1  -  L  .  1  1  -1  ..  .  ..  ^ 

G.  Two  Pipe  Fan  Coil  Unit  1 

!  B.  Terminal  Reheat  AHU 

E.  Single  Zone  DX-A/C 

H.  Four  Pipe  Fan  Coil  Unit  ! 

1  C.  Variable  Volume  AHU 

F.  Multi-zone  DXA/C 

I 

1 

4 

System  Data  Entry  (continued) 

Schsdulecl  start/ttop 
Optimum  start/stop 
Duly  cycling 
Demand  limiting 
Oay/night  setback 
Economizer 
Vent/redrc 
Hot  deck/oold  deck 
Reheat  coil 
Run  time  recording 
Safety  alarm 


labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savirtgs 
labor  savings 
labor  savings 


System  Strategy  Selection  and  Annual  Savings 


[  ]  Scheduled  Start/Stop 

( ]  Run  Time  Recording  fl 

[  ]  Optirwim  Start/Stop 

{ ]  Safety  Alarm  1 

[  1  Duty  Cycling 

1 

( ]  Demand  Limiting 

[  ]  Day/Night  Setback 

[  ]  Economizer 

( ]  Ventilation/Recirculation 

[  ]  Hot/Cold  Deck  Reset 

[  ]  Reheat  Coil  Reset 
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GROUP 


BUILDING 


SYSTEM 


•  I.  Eladrie  Unit  HmMt 
I  J.  Eltciric  Radiation 
!  K.  Haaling/Vantiiating  Unit 


L  Oiract  Firad  Furnace 
M.  Oiract  Firad  BoHar 
Q.  Hot  Water  Radiation 


T.  Staam/Hot  Water  Converter 
V.  HTHW/Hot  Water  Converter 


Syatam  Daacription: 


Variabla  Description 


Area  o;  zone 


Winter  thermostat  setpoint,  occupied 
Low  temperature  limit 


Headrtg  operation  without  EMCS 
Heatirtg  operation  with  EMCS 
Heatirtg  system  eflideney 


Supply  air  capacity 
Present  fraction  of  outside  air  used 


Eqiapment  motor  horsepower 
Equipment  motor  load  factor 
Zorta  occupied  hours 


Power  rating  of  resistanoe  unit 
Duty  cydirtg  shutdown  time 
Derrutfid  limiting  shed  time 


WirSer  thermostat  setpoint  reset 
Winter  setpoint  equipment  operation 


Shutdown  system  when  bldg  unoccupied? 
Present  warmup  time  before  occuparxry 
Heating  equipment  operatirtg  schedule 
Purge  time  before  occupancy 


Total  input  rating  of  boilers 
Heating  system  efficiency  increase 


Symbol 


HhEMCS 


hours/weok 

hours/week 

dedmal 


decimal 


dedmal 

hours/week 


Kw 

percent 

percent 


•F 

hours/week 


Yof  N 
hours/day 
days/week 
minutes 


Btu/hr 

dedmal 


GROUP 


BUItJ)ING 


SYSTEM 


• 

Applicable  Systenrts 

1  i.  Electric  Unit  Heater 

L  Direct  Fired  Furnace 

T.  Steam/Hot  Water  Converter  1 

1  J.  Electric  Raditttion 

M.  Dired  Fired  Boiler 

V.  HTHW/Hot  Water  Converter  I 

I  K.  Heating/Ventilatirtg  Unit 

Q.  Hot  Water  Radiation 

1 

t 

* 

System  Data  Entry  (cominued) 

Optimum  start/etop  cooling  saving!^ 
Optimum  atart/stup  dg-vent  savings 
Optimum  start/stop  dg  aux  savings 


Scbodutod  start/stop 
Optimum  start/stop 
Ouly  cyding 
Oamand  limiting 
Oay/nighC  sMback 
Vant/radrc 
HW  outsida  air  rsset 
Run  time  recording 
Safety  alarm 


labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savirtgs 
labor  savings 
labor  savings 


MBtu 

or  kWh 

MBtu 

or  kWh 

kWh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

System  Strategy  Selection  and  Annual  Savings 


[  ]  Scheduled  Start/Stop 
[  ]  Optimum  Start/Stop 
[  ]  Duty  Cyding 
( ]  Demand  Limitirg 
[  ]  Day/Night  Setback 
[  ]  Ventilation/Redrcuiation 
n  HW  OA  Reset 
[  ]  Run  Time  Recording 
[  ]  Safety  Alarm 


GROUP 


BUILDING 


SYSTEM 


I  N.  StMm  Unit  HmMt 
I  O.  Hot  WaMr  Unit  HmMt 


SysMm  0«ta  Entry 


P.  St«am  Radiation 
U.  HTHW/Steam  Converter 


SyAem  Description: 


Variable  Description 


Area  of  zone 


Winter  thormostat  setpoint,  occupied 
Low  temperature  limit 


Winter  thermostat  set  point  reset 
Winter  setpoint  equipment  operation 
llestinq  system  efficiency 


Day/a’ght  setback  labor  savings 
Run  time  recording  labor  savings 
Safety  alarm  labor  savings 


Symbol 


[  ]  Day./Niglrt  Setback 
[  ]  Run  Tmte  Recordirtg 
[]  Safety  Alarm 


System  Strategy  Selection  and  AnmiaJ  Savings 


GROUP 


BUILDING 


SYSTEM 


I  R.  StMm  BoUwr 


S.  Hot  Water  Boiler 


System  Description; 


Variable  Description 


Heating  system  efficiency 
Total  input  rating  of  boilers 
Boiler  conversion  efficiency  increase 
Heating  system  efficierH.v  irtcrease 


Steam  boiler  selection  labor  savings 
HW  boiler  selection  labor  savings 
HW  Outside  air  reset  labor  savings 
Run  time  recording  labor  savings 
Safety  alarm  labor  savings 


System  Strategy  Selection  and  Aiinual  Savings 


GROUP 


BUILDING 


SYSTEM 


Applicable  Systems 

I  W.  Water  Cooled  DX  Compressor 
!  X.  Air  Cooled  DX  Compressor 

Y.  Air  Cooled  Chiller 

1 

Z.  Water  Cooled  Chiller 

1 

System  Data  Entty 


1  System  Description:  | 

Variable  Description 

Symbol 

Value 

— 

Units 

Cooling  operation  without  EMCS 

He 

hours/week 

Cooling  operation  with  EMCS 

HcEMCS 

hours/week  11 

Cooling  energy  consumption  per  ton 

CPT 

** 

Equipmertt  motor  horsepower 

HP 

hp 

Equipnrtent  motor  load  factor 

L 

dedma! 

Zont  occupied  hours 

OH 

hours/wk 

Duty  cycling  shutdown  tirrte 

DCST 

percent 

DemarKl  Kmiting  shed  time 

DLST 

percent 

Total  capacity  of  chillers 

TON 

tens 

Chiller  selection  effiderrey  irtcrease 

CSEI 

percent 

Chiller  water  temperature  reset 

CWTR 

•F 

ChiUer  type 

choice  list 

Present  condenser  water  terriperature 

PCWT 

*F 

Present  fan  operation 

choice  list ** •••  **** 

Centrifugal  chiller  motor  horsepower 

hp 

Centrifugal  chiller  motor  efficiency 

dedmal 

Step  down  percent  of  capacity 

percent 

Step  down  percent  of  time 

SOT 

percent 

Optimum  start/stop  cooling  savings 

MBtu  or  kWh 

Optimum  start/stop  dg-vent  savings 

MBtu  c  r  kWh 

Optimum  start/stop  dg  aux  savings 

kWh 

**  kW/ton  or  Ib-ton/hr 

•••  Chiller  types:  (1)  Centrifugal  (2)  Absorption  (3)  Reciprocal  (4)  Screw  Comp 

Presem  fan  operation  (1)  Fan  now  cycles  (0)  Fan  now  runs  continuously,  but  will  cycle 


GROUP 


BUILDING 


SYSTEM 


4 


I  ■  ^  ■  I 


Applicable  Sy8fm»  _ _ _  _ _ 

I  W.  Water  Coolecl  DX  Compreasor  Y.  Air  Cooled  Chiller 

I  X.  Air  Cooled  DX  Compressor  Z.  Water  Cooled  Chiller 


System  Data  Entry  (continued) 


Scheduled  start/stop  labor  savings 

mh  fl 

Optimum  stait/stop  labor  savings 

mh  B 

Duty  cycling  labor  savings 

mh  1 

Demarxi  limiting  labor  savings 

mh  1 

ChDer  selection  labor  savings 

mh  1 

Chiller  water  reset  labor  savings 

mh  1 

Cortdenser  water  reset  labor  savings 

mh  1 

Chiller  demartd  limit  labor  savings 

mh  1 

Run  time  recordirtg  labor  savings 

mh  D 

SafMy  alarm  labor  savings 

System  Strategy  Selection  and  Annual  Savings 


( 1  Scheduled  Start/Stop 

( ]  Optimum  Start/Stop 

1 

( ]  Duty  Cycling 

1 

[  ]  Demand  Limiting 

[  ]  Chiller  Selection 

1 

[  ]  Chiller  Water  Tamp  Reset 

1 

[  ]  Condenser  Water  Temp  Reset 

[  ]  CNIler  Demand  Limit 

[  ]  Run  Time  Recording 

( ]  Safety  Alarm 

GROUP 


BUILDING 


SYSTEM 


A 


Applicable  Syitams 

I I  - - -  — - - ...  ,  .  .  .....  - ^ 

I  AA.  Lighting  Control  _ I 


Syatam  Data  Entry 


1  Syitom  Description:  | 

Variable  Description 

Symbol 

Value 

Units  1 

Total  power  cortsumption  of  lights 

TO 

kw  1 

Lighting  operation  without  EMCS 

HI 

hours/week  I 

Lightirtg  operation  with  EMCS 

HIEMCS 

hours/week  | 

Ughtirrg  corttrol  Wxx  savings 

mh  1 

Run  time  reoordirtg  labor  savings 

mh  1 

Safety  alarm  labor  savir>gs 

mh  8 

Syatam  Strategy  Selection  and  Anr^ual  Savinga 

[]  Lightirtg  Control 
[  ]  Riir  Time  Recording 
[  i  y  Alarm 

wmmi, 


section  III.  ESA  COMPUTER  PROGRAM 

3-1  INTRODUCTION.  The  Energy  Savings  Analysis  (ESA)  computer 
program  largely  automates  the  procedures  outlined  in  the  Energy 
Monitoring  and  Control  Systems  Savings  Manual.  The  program  requires 
minimal  computer  knowledge  and  is  designed  to  guide  the  user  while 
not  suppressing  creativity. 

ESA  is,  for  the  most  part,  designed  to  work  without  referencing  the 
manual;  HOWEVER,  the  manual  does  have  additional  information  and  may 
be  of  great  help  if  problems  are  encountered.  Context-sensitive  help 
is  available  within  the  program  by  pressing  FI  at  any  point.  This 
help  supplements  the  brief  function  description  shown  at  the  bottom 
of  the  screen. 

Several  files  can  be  customized  by  the  user  to  meet  individual 
rec[uirements .  See  paragraph  3-5. 

3-2  PACKING  LIST.  The  following  files  are  included  on  the  ESA 
progreun  distribution  disk: 


CLIMATE 

.100 

DEFAULTS 

.100 

ESA 

.BAT 

ESACL 

.100 

ESAHELP 

.100 

ESAIOO 

.EXE 

ESAIOO 

.WD 

README 

.100 

HARDWARE 

REQl 

Climate  data.  See  paragraph  3-5.1. 

Program  data  non-zero  defaults.  See  paragraph 
3-5.2. 

Batch  file  which  may  be  used  to  start  the 
program. 

Choice  list  file.  See  paragraph  3-5.3. 

Help  file,  see  paragraph  3-5.4. 

Main  program.  Do  not  modify. 

Screen  file.  Do  not  modify. 

Last-minute  information  which  didn't  make  it  into 
the  manual  (if  any) . 


hardware  to  run  the  ESA  program: 


•  IBM  AT  class  computer  or  compatible 

•  EGA  color  monitor 

•  640  KB  RAM  with  520  KB  free 

•  MS-DOS  3 . 3 

•  Hard  drive  with  500  KB  free.  Additional  space  will  be  needed 
when  data  files  are  written  to  the  hard  drive. 

•  Printer 


3-1 


3-4  GETTING  STARTED.  The  ESA  program  may  be  loaded  In  any  directory 
desired  by  the  user.  The  following  Instructions  are  an  example  and 
assume  that  you  are  using  floppy  drive  A  for  your  program  diskette, 
hard  drive  C  for  ycur  working  disk,  and  hard  drive  program 
subdirectory  ESA.  Make  drive  and  subdirectory  selections  appropriate 
to  your  situation. 


•  Make  a  backup  copy  of  the  program  diskette. 


•  Place  the  program  diskette  in  floppy  drive  A.  From  the  DOS 

prompt,  type  each  of  the  following  commands  ending  each  command 
by  pressing  the  Enter  key.  Do  not  type  in  the  comments  shown  to 
the  right  of  each  command. 


C; 

CD\ 

MD  ESA 
CD  ESA 
COPY  A:*.* 


ESAIOO 


<enter>  Changes  to  the  C  drive. 

<enter>  Changes  to  the  root  directory. 

<enter>  Creates  the  ESA  subdirectory. 

<enter>  Changes  to  the  ESA  subdirectory. 

<enter>  Copies  all  files  from  the  program 

diskette  to  the  ESA  subdirectory  on  the 
hard  drive. 

<enter>  Starts  the  program. 


The  program  may  also  be  started  from  the  ESA. BAT  batch  file  which  can 
be  placed  in  any  directory  on  the  DOS  path.  Use  any  plain  text 
editor  to  change  the  C:\ESA  path  in  the  batch  file  if  necessary. 

3-5  MODIFYING  FILES.  It  is  HIGHLY  RECOMMENDED  that  you  make  backup 
copies  of  files  before  performing  any  modifications  and  DO  NOT  modify 
any  files  on  the  program  diskette. 


3-5.1  CLIMATE. 100  contains  the  climate  data  which  is  accessed  when 
the  user  chooses  a  location  from  the  ESA  program.  Data  is  generated 
using  the  methods  discussed  in  Section  IV  of  this  manual.  The 
Location  Field  may  contain  up  to  30  characters. 


If  a  factor  does  not  apply  due  to  equipment  operating  constraints  or 
lack  of  data  within  the  specified  temperature  range,  enter  NA  in  the 
field.  The  program  recognizes  NA  and  will  use  appropriate  numbers 
(not  necessarily  zero)  internally  to  null-out  any  calculations  which 
use  the  factor. 

Note:  When  NA  is  entered  in  the  CLIMATE. 100  file,  the 
corresponding  field  in  the  ESA  program  will  be  inaccessible 
to  the  user.  If  NA  is  no  longer  appropriate,  either  revise 
the  CLIMATE. 100  file  entry  or  enter  a  new  location  with  new 
data  from  within  the  ESA  program.  If  climate  data  is  being 
entered  from  within  the  program,  NA  may  not  be  entered 
directly;  instead,  refer  to  the  help  file  for  instructions 
by  pressing  the  FI  key. 


3-2 


CLIMATE. 100  is  written  in  ASCII  and  may  be  addAd  to  or  modified  using 
any  plain  text  editor  but  must  maintain  the  following  format; 


Location 

ACWT 

ANDW 

AST 

AWT 

CFUI 

HFLH 

WKC 

WKH 

OAE 

PRT 


30  characters  maximum 
AL,  Huntsville 
76.0 
230 

76.7 

46.7 
956 
408 

19.8 
27.3 
32.73 
7.5 


▼-*  Comments ...  ▼ 


3-5.2  DEFAULTS. 100  contains  program  data  non-zero  defaults.  The 
file  is  written  in  ASCII  and  may  be  modified  using  any  pla^n  text 
editor.  The  user  may  want  to  modify  these  values  while  working  on 
large  projects  to  avoid  having  to  change  default  data  on  every  input 
screen. 


3-5.3  ESACL.lOO  is  the  choice  list  file  for  Fuel  Type,  Heating 
Value,  Fuel  Units,  Chiller  Type,  and  Chiller  Fan.  A  typical  listing 
follows: 


*Fuel_type 

Electricity 

Fuel  oil,  distillate  #2 
Fuel  oil,  residual  #6 
Natural  gas  (methane) 
Propane ,  gas 
Propane,  liquid 
Bituminous  coal 
Steam 


3,43.3  Btu/kWli 

138.690  Btu/gal 

149.690  Btu/gal 
1,02.6  Btu/cf 
2,500  Btu/cf 

91,500  Btu/gal 
26,260,000  BtU/ST 
1,000  Btu/lb 


ESACL.lOO  is  written  in  ASCII  and  may  be  modified  using  any  plain 
text  editor.  You  can  add  to  or  modify  entries  for  fuel  type,  heating 
value  of  fuel,  and  fuel  units  by  editing  this  file.  The  file  may  be 
up  to  50  lines  long. 


_ Do  not  modify  chiller  type  or  chlll_er  fan  data! 

3-5.4  ESAHELP.lOO  contains  the  Help  file  and  is  accessed  with  the  FI 
key.  A  typical  listing  follows: 


♦BMnFile.Quit 

Quit  this  program.  Choose  to  save  or  discard  changes  to  the 
current  file. 


ESAHELP.lOO  is  written  in  ASCII  and  may  be  customized  using  any  plain 
text  editor.  The  file  may  be  up  to  1200  lines  long. 
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3-6  GENERATED  FILES 


3-6.1  A  PRINTER. 100  file  is  generated  and  placed  In  the  ESA  program 
subdirectory  whenever  the  printer  configuration  is  saved.  Although 
the  default  settings  will  work  with  most  printers,  the  program  should 
be  configured  for  your  printer.  See  Figure  3-4  for  details. 

3-6.2  Each  base  name  generates  a  subdirectory  off  of  the  program 
subdirectory.  Each  building  generates  files  with  the  name  format 
BUILDING.??#  where  BUILDING  is  the  building  number,  ??  are  the  first 
two  characters  of  the  extension,  and  #  is  the  case  number.  For 
example,  for  a  program  subdirectory  called  ESA  on  hard  drive  c,  a 
base  named  HUNTSVLE,  building  Q33,  test  case  7,  and  a  base  named 
ADAK,  building  24663F14,  test  case  R,  the  program  will  generate  this 
file  structure: 


C 


HUNTSVLE 

EQ33.DL7 
Q33.ES7 
Q33.SM7 


ADAK 

E 


24663F14.DLR 

24663F14.ESR 

24663F14.SMR 


3-6.2. 1  BN.D'j#  is  generated  when  a  detailed  report  is  sent  to  the 
screen,  disk,  or  printer.  If  program  data  is  changed,  this  file  will 
need  to  be  re-generated. 

3-6. 2. 2  BN.ES#  contains  program  data.  Do  not  modify. 


3*’ 6. 2. 3  BN.SK#  is  generated  when  a  summary  report  is  sent  to  the 
screen,  disk,  or  printer.  If  program  data  is  changed,  this  file  will 
need  to  be  re-generated. 
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3-7  GENERAL  PROGRAM  SCREENS.  The  following  pages  contain  a 
description  of  general  program  inputs.  This  information  is  also 
available  using  the  context-sensitive  help  key  FI. 


Note:  Refer  to  Section  II  for  reproductions  of  variable 
data  input  screens.  Refer  to  Appendix  A  for  a  description 
of  the  variables. 


File  Select  operations  related  to  the  current  file. 


Mew  Create  a  new  file.  If  changes  have  been  made  to  the  current 
file  and  you  have  not  saved  the  changes,  you  will  be  asked  if  you 
wish  to  abandon  the  current  file. 


open*..  Open  a  file  that  already  exists  on  the  disk.  If  changes 
have  been  made  to  the  current  file  and  you  have  not  saved  the 
changes,  you  will  be  asked  if  you  wish  to  abandon  the  current 
file. 


Base  Name:  Enter  an  existing  Base  Name  or  press  the  F2  key  for 
a  choice  list. 

Building  Number:  Enter  an  existing  Building  Humber  or  press 
the  F2  key  for  a  choice  list. 

Case  Number:  Enter  an  existing  Case  Humber  or  press  the  F2  key 
for  a  choice  list. 


Save  save  the  current  file  to  disk  using  the  current  base  name, 
building  number,  and  case  number. 

Save  As...  Save  the  current  file  to  disk  using  a  new  base  name, 
building  number,  or  case  number. 

Base  Name:  Enter  a  Base  Name  consisting  of  up  to  8 
alphanumeric  characters  with  no  spaces  or  press  the  F2  key  for 
a  choice  list. 
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Building  Hunbars  Enlier  a  Building  Number  consisting  cf  up  to  8 
alphanumeric  characters  with  no  spaces  or  press  the  F2  key  for 
a  choice  list. 

Case  MuBberi  Enter  a  Case  Number  consisting  of  any 
alphanumeric  character  or  press  the  F2  key  for  a  choice  list. 

Desorlptlons  Optional  -  Enter  the  file  description  consisting 
of  up  to  60  characters. 

Znfo...  Show  information  about  the  current  file. 

Base  Name,  Building  Number,  Case  Number,  Description. 

Quit  Quit  this  program.  If  changes  have  been  made  to  the  current 
file  and  you  have  not  saved  the  changes,  you  will  be  asked  if  you 
wish  to  abandon  the  current  file. 
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Figure  3-2.  Input  Screen 


Input  Select  the  input  data  categories. 

Location  Retrieve  climatclogical  data  which  has  been  pre¬ 
calculated  for  a  specific  tine  period  and  stored  in  the  file 
ClilMhTE.lOO.  After  leaving  this  help  facility,  press  the  F2  key 
for  a  choice  list. 

— or— 

Enter  a  new  location  here  followed  by  climatological  data  using 
the  Climate  option  below.  A  location  entered  here  will  be 
associated  with  THIS  FILE  ONLY.  To  add  data  to  the  CLIMATE. 100 
file,  see  Section  III  of  the  EMCS  Savings  Calculations  Manual. 

Climate  Review  or  modify  climatological  data  which  has  been  pre¬ 
calculated,  stored  in  che  file  CLIMATE. 100,  and  selected  using  the 
Location  option  above. 

— OR — 

Entered  climatological  data  for  the  new  location  speci f ied  using 
the  Location  option  above. 

— IN  EITHER  CASE — 

Modified  or  new  data  will  be  associated  with  THIS  FILE  ONLY.  To 
add  data  to  the  CLIMATE. ICO  file,  see  Section  III  of  the  EMCS 
Saviitgs  Calculations  Manual. 


Refer  to  Section  ZI  for  reproductions  of  variable  data  input 
screens.  Refer  to  Appendix  A  for  a  descripticn  of  the 
variables . 

Building  Enter  the  building  data  as  outlined  on  the  subsequent 
screens.  These  parameters  may  be  calcuDated  using  methods 
described  in  Section  IV  of  the  EMCS  Savings  Calculations  Manual. 

Check  here  if  chiller  uses  steam  Check  this  box  if  the  system 
chiller  is  steam  driven.  Don't  check  this  box  if  the  system 
chiller  is  electric.  If  there  is  no  system  chiller,  it  doesn't 
matter  whether  this  box  is  checked  or  not. 
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Bcmting  Fu«l  Typ*  Select  the  type  of  fuel  used  to  heat  the 
boiler ( 8) .  Press  the  F2  key  for  a  choice  list. 

Refer  to  section  XI  for  reproductions  of  variable  data  input 
screens.  Refer  to  Rppendlz  A  for  a  description  of  the 
variables. 

System. • .  Select  the  HVAC  systems  which  are  being  considered  for 
the  EHCS.  For  additional  information  on  EMCS  systems,  refer  to 
Energy  Monitoring  and  Control  Systems,  Manual  TM-815-2/NAVFAC 
DM-4.09/  AFM  83-36. 

System  Data  Entry 

System  Description  Enter  the  system  description  including 
the  type/name/number/location  as  appropriate. 

Refer  to  Section  II  for  reproductions  of  variabie  data  input 
screens.  Refer  to  Appendix  A  for  a  description  of  the 
variables . 

system  strategy  selection  and  Savings  Use  the  space  bar  to 
select  the  desired  strategies.  Individual  strategy  savings  and 
total  selected  savings  are  displayed. 
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File 


Output 


Quit 


Screen 

Printer 

Disk 

in 

Detailed  report 
Summary  report 

Config 

ESA 


Figure  3-3.  Output  Screen 


Output  Select  output  format. 

Screen  View  output  report  on  monitor  screen.  Any  output  sent  to 
the  screen  will  automatically  be  saved  to  disk.  For  additional 
information,  see  Disk  below. 

Detailed  report  This  choice  will  display  a  report  containing 
both  the  input  data  used  and  the  resultant  energy  savings. 

summary  report  This  choice  will  display  a  report  containing 
only  tne  energy  savings  resulting  from  the  calculations. 

Printer  Print  output  report.  Any  output  sent  to  the  printer  will 
automatically  be  saved  to  disk.  For  additional  information,  see 
Disk  below. 

Detailed  report  This  choice  will  send  a  report,  containing  both 
the  input  data  used  and  the  resultant  energy  savings,  to  your 
printer.  Choose  OUTPUT,  SCPJBEN  to  view  the  report  prior  to 
printing. 

Summary  report  This  choice  will  send  a  report,  containing  only 
the  energy  savings  resulting  from  the  calculations,  to  your 
printer.  Choose  OUTPUT,  SCREEN  to  view  the  report  prior  to 
printing. 

Disk  Write  output  report  to  disk  file.  Files  are  saved  to  the 
subdirectory  with  the  same  name  as  the  base  under  the  main  program 
directory  (typically  ESA) .  For  example,  files  for  the  base  named 
HUNTSVLE  would  be  stored  as  follows: 


C: \ESA\HUNTSVLE\<f ilename> 

Detailed  report  This  choice  will  print  a  report,  containing 
both  the  input  data  used  and  the  resultant  energy  savings,  to 
disk.  Choose  OUTPUT,  SCREEN  to  view  the  report  prior  to 
printing. 

Sximmary  report  This  choice  will  print  a  report,  containing 
only  the  energy  savings  resulting  from  the  calculations,  to 
disk.  Choose  OUTPUT,  SCREEN  to  view  the  report  prior  to 
printing. 
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Figure  3-4 .  Configuration  Screen 

Conflg  Configure  the  printer  for  printing  the  report. 

FC  line  drawing  character  set  Check  this  box  if  your  printer 
supports  the  PC  line  drawing  character  set.  If  this  box  is  not 
checked,  only  ASCII  characters  will  be  used  for  the  printed  jg 
reports.  H 

Page  Width  The  page  width  is  represented  by  the  number  of 
characters  that  could  fit  on  cne  line  of  a  page  with  no 
margins.  This  value  will  depend  on  the  size  and  orientation  of 
the  paper,  and  on  the  printer  font  size  used. 

Top  Margin  The  top  margin  is  the  number  of  lines  (blank  lines 
plus  header  line)  from  the  first  possible  line  at  the  top  of 
the  sheet  to  the  actual  first  line  of  printed  text  in  the  body 
of  the  report. 

For  example,  if  the  printer  line  spacing  is  set  at  6 
lines/inch,  then  the  default  value  of  6  will  provide  a  top 
margin  of  1  inch.  Note  that  laser  printers  usually  cannot 
print  closer  than  0.25  Inches  to  the  edge,  so  the  default  value 
would  provide  a  top  margin  of  about  1.25  inches  in  this  case. 

Left  Margin  The  left  margin  is  the  number  of  characters  from 
the  left  side  of  the  sheet  to  the  first  character  that  can  be 
printed  on  a  line. 
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Header  Margin  The  header  margin  is  the  number  of  blank  lines 
following  the  header  line  to  the  first  line  of  printed  text  in 
the  body  of  the  report.  If  the  header  line  is  blank,  the 
header  margin  value  has  no  effect. 

Page  Length  The  page  length  is  represented  by  the  number  of 
lines  of  text  that  could  fit  on  a  page  with  no  margins.  On 
laser  printers,  the  page  length  is  usually  in  the  range  of  60 
to  66  for  portrait  mode.  On  dot~matrix  printers,  the  page 
length  is  usually  66. 

Bottom  Margin  The  bottom  margin  is  the  number  of  lines  (blank 
lines  and  footer  line)  from  the  last  line  of  text  in  the  body 
of  the  report  that  can  be  printed  on  a  page  to  the  last 
possible  line  at  the  bottom  of  the  sheet. 

Right  Margin  The  right  margin  i&i  the  number  of  characters  from 
the  last  character  that  can  be  printed  m  a  line  to  the  right 
side  of  the  sheet. 

Footer  Margin  The  footer  margin  is  the  number  of  blank  lines 
from  the  last  line  of  text  in  the  body  of  the  report  that  can 
be  printed  on  a  page  to  the  footer  line.  If  the  footer  line  is 
blank,  the  footer  margin  value  has  no  effect. 

Header  String  Enter  text  to  be  printed  at  the  top  of  each 
printed  page.  The  text  string  has  the  format  of;  textl  {  text2 
j  texts,  where  the  vertical  bars  delimit  text  that  is  left, 
centered,  and  right  justified.  In  addition,  tokens  can  be  used 
to  indicate  other  information  as  follows: 

<fn>  -  file  name  <fd>  -  file  date 

<pg>  -  page  number  <ft>  ~  file  time 

<  j  >  -  vertical  bar  <sd>  -  system  date 

«>  -  left  angle  bracket  <st>  -  system  time 

Example;  <fn>} l<fd>  <ft>  means  to  print  the  name  of  the  file 
left  justified  and  to  print  the  file  date  and  file  time  right 
justified  on  the  header  line. 

Footer  String  Enter  text  to  be  printed  at  the  bottom  of  each 
printed  page.  The  text  string  has  the  format  of;  textl  {  text2 
j  texts,  where  the  vertical  bars  delimit  text  that  is  left, 
centered,  and  right  justified.  In  addition,  tokens  can  be  used 
to  indicate  other  information  as  follows: 

<fn>  -  file  name  <fd>  -  file  date 

<pg>  -  page  number  <ft>  -  file  time 

<  j  >  -  vertical  bar  <sd>  -  system  dcite 

«>  -  left  angle  bracket  <'st>  -  system  time 

Example;  l“<pg>-|  means  to  print  the  page  number  centered  on 
the  footer  line. 


Initial  Stria?  Enter  a  data  string  to  be  sent  to  the  printer 
when  printing  starts.  The  reports  needs  to  be  printed  using  a 
fixed  width  font  such  as  Courier.  If  you  need  to  set  your 
printers  font,  this  is  the  place  to  do  it. 

Tokens  can  be  used  for  data  that  can  not  be  represented  by 
printedsle  ASCII  characters.  The  following  tokens  can  be  used: 

<e>  or  <esc>  -  escape  character 
<0>  thru  <254>  -  ASCII  value 
«>  -  left  angle  bracket 

Example:  <esc>E  means,  on  certain  laser  printers,  to  reset  the 
printer. 

Terminal  string  Enter  a  data  string  to  be  sent  to  the  printer 
when  printing  ends.  Tokens  can  be  used  for  data  that  can  not 
be  represented  by  printable  ASCII  characters.  The  following 
tokens  can  be  used: 

<e>  or  <esc>  -  escape  character 
<0>  thru  <254>  -  ASCII  value 
«>  ~  left  angle  bracket 

Example:  <esc>E  means,  on  certain  laser  printers,  to  reset  the 
printer. 
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Figure  3-5.  Help  Screen 
Help  Select  help  topics. 

Context  help  Get  information  on  the  help  facility. 

Keyboard  Get  information  about  the  use  of  the  keyboard  in  the 
program. 

About...  Get  Information  on  this  program. 

Quit  Quit  this  program  after  choosing  to  save  or  discard  changes  to 
the  current  file  ( if  any) . 

The  following  function  keys  are  available  while  on  a  MENU  screen: 


Xlt-ri 


Ctrl-End 

Ctrl-Home 

Ctrl-8 

Down  Arrow 

Eater 

Esc 

PI 

Left  Arrow 


AGtign 

While  in  the  help  function  (FI) ,  toggles  between  split 
screen  and  full  screen  display. 

Moves  the  selection  bar  to  the  last  item  on  the  menu. 
Moves  the  selection  bar  to  the  first  item  on  the  menu. 
Saves  the  file  to  disk  using  current  file  name. 

Moves  to  the  item  located  below  the  current  item. 
Invokes  the  action  specified  for  the  selected  item. 
Moves  to  the  previous  menu. 

Invokes  the  system  help  function,  if  enabled. 

Moves  to  the  item  located  to  the  left  of  the  current 
item. 


Right  Arrow 
Up  Arrow 


Moves  to  the  item  located  to  the  right  of  the  current 
item. 

Moves  to  the  item  located  above  the  current  item. 


The  following  function  keys  are  available  while  on  a  DATA  screen; 


Alt-Fl 

Baokspaoe 

Ctrl-End 

Ctrl-Home 

Ctrl-8 

Alt-D 

Alt-X 

Xlt-N 

Alt-P 

Del 

Down  Arrow 

end 

Enter 

Eso 

FI 

F2 

F« 

F7 

F8 

FIO 

Home 

Ins 

Left  Arrow 


hs^isn 

While  in  the  help  function  (FI) ,  toggles  between  split 
screen  and  full  screen  display. 

Deletes  the  character  to  the  left  of  the  cursor. 

Moves  to  the  last  item  on  the  form. 

Moves  to  the  first  item  on  the  form. 

Saves  the  file  to  disk  using  current  file  name. 

Deletes  current  record. 

Inserts  new  record. 

Moves  to  next  record. 

Moves  to  previous  record. 

Deletes  the  character  at  the  current  cursor  position. 

Moves  to  the  next  item  located  physically  below  the 
current  one. 

Moves  the  cursor  to  the  end  of  the  field. 

If  a  data  field,  enters  the  data  into  a  field;  if  a 
button,  invokes  the  action  specified  for  the  button. 

Quits  the  form,  abandoning  any  changes  made  to  the 
fo 

Invokes  the  system  help  function,  if  enabled. 

Processes  the  attached  choice  list,  if  any,  for  the 
current  field. 

Clears  the  field. 

Moves  to  the  previous  item  on  the  form. 

.  .  «iS  r  wi.Q  next  item  on  the  form. 

Exits  the  form,  saving  any  changes  made  to  the  form. 
Moves  the  cursor  to  the  beginning  of  the  field. 

Toggles  ).  .ween  insert  and  overstrike  mode. 

Moves  the  cursor  one  position  to  the  left. 
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Pag*  Down 

Pag*  Up 

Riglit  Arrow 
Shlft-FS 

8hift-F6 

8hift-F7 

8hlft-F8 

Shift-Tab 

8pao* 

Tab 

Up  Arrow 


Moves  cursor  to  record  summary  screen.  Press  again  to 
move  cursor  to  choice  buttons. 

Returns  cursor  to  field  which  was  exited  when  Page 
Down  vras  pressed. 

Moves  the  cursor  one  position  to  the  right. 

Clears  the  field  and  displays  the  original  value  in 
the  field. 

Clears  from  the  cursor  to  the  end  of  the  field. 

Goes  to  the  previous  form  in  a  list  of  form  pages. 

Goes  to  the  next  form  in  a  list  of  form  pages. 

Moves  to  the  previous  item  on  the  form. 

Toggles  the  strings  for  boolean  toggle  fields,  if 
enabled  for  field. 

Moves  to  the  next  item  on  the  form. 

Moves  to  the  next  item  located  physically  above  the 
current  one. 
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Section  IV.  FACTOR  CALCULATIONS 


4-1  INTRODUCTION.  This  section  describes  the  development  of  factors 
which  are  based  on  the  location's  climate  and  building 
characteristics.  The  information  is  presented  so  that  the  user  can 

•  Understand  the  source  of  the  clim«ite  and  building  factors  used 
in  the  ESA  program. 

•  Develop  factors  for  locations  which  are  not  currently  contained 
in  the  ESA  program. 

4-2  BACKGROTJND.  The  factors  in  this  section  mtist  be  determined  for 
use  in  the  savings  calculations.  The  climate  related  factors  use 
data  from  Engineering  Weather  Data.  AFM  88-29/TM  5-785/NAVFAC  P-89. 
This  is  generalized  data  which  will  yield  acceptable  results. 

FOR  GREATER  ACCURACY.  ACTUAL  WEATHER  AND  OPERATIONAL 
DATA  FOR  THE  FACILITY  SHOULD  BE  USED  IF _AVAILABLE. 

For  example,  if  a  base  has  a  yearly  schedule  for  running  boilers  from 
1  November  to  15  March  and  chillers  from  20  May  to  30  September,  then 
those  time  periods  should  be  used  for  the  Weeks  of  Heating  (WKH)  and 
Weeks  of  Cooling  (WKC) . 

4-3  HOW  TO  USE  THIS  SECTION.  The  following  information  is  presented 
for  each  factor  to  be  calculated. 

•  APPLICATION  lists  the  EMC3  calculations  where  the  factor  will  be 
used. 

•  BASIS  describes  any  initial  conditions  or  assumptions  made  for 
the  calculation. 

•  REQUIPED  DATA  describes  the  information  required  for  the 
calculation  and  where  to  find  it. 

•  EXAMPLE  CALCULATION  demonstrates  the  calculation  procedure  based 
on  conditions,  assumptions,  and  data  mentioned  above.  The 
example  uses  climatological  data  from  the  Springfield  MAP, 
Missouri . 

4-4  FACTOR  CALCULATIONS.  For  clarity,  factor  calculations  are 
explained  using  examples.  Climate  based  factors  for  any  location  in 
the  Engineering  Weather  Data  manual  can  be  derived  in  a  manner 
similar  to  the  examples. 
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Figure  4-1.  Springfield  MAP,  Missouri  Weather  Data  (sheet  1  of  2) 
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Figure  4-1.  Springfield  MAP,  Missouri  Heather  Data,  (sheet  2  of  2) 
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4-4.1  ACWT  -  Average.  Entering  Condenser  Water  Teinperat  tre. 
APPLICATION:  Condenser  Water  Temperature  Reset  Savings  Calculation. 

This  procedure  determines  the  average  entering  condenser  water 
temperature  which  can  be  obtained  from  a  cooling  tower  during  the 
cooling  season  at  a  given  looaticn.  The  calculated  value  can  be  used 
for  any  cooling  tower  in  the  same  geographic  location. 

BASIS:  Calculated  during  normal  operating  time  period  of  C900-1600 

for  temperature  ranges  above  55 *F.  Assumed  approach 
temperature  *  10 ‘F.  This  is  the  difference  between  the  outside  air 
wet  bulb  temperature  and  the  entering  condenser  water  temperature  due 
to  heat  gain  from  pumps,  friction,  and  ambient  conditions. 

RBQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  Total  Annual  Mean  Coincident  Wet  Bulb  (MCWB) 
temperatures  for  dry  bulb  temperature  ranges  above  55 *F. 

2.  In  Chapter  3,  find  0900-1600  Annual  Total  Hours  for 
corresponding  KCWB  temperatures. 

EXAMPLE  CALCULATION:  The  fcllowing  example  uses  data  from 
Springfield  HAP,  Missouri  (Figure  4-1) . 

1.  Calculate  Condenser  Water  Temperature  and  Condenser  Water  Degree 
Hours  for  each  MCWB  Tenperature. 


Condenser 

Anna?»l 

Water 

0900-1600 

Condenser 

Temp 

Total 

Temp 

Annual 

Water 

Range 

MCWB  Temp 

(MCWB-flO*) 

Total 

Degree 

>.£5T 

.IZ 

IZ 

Hours 

Hours 

110/114 

77 

87 

* 

0 

0 

105/109 

74 

84 

* 

1 

sc 

84 

100/104 

74 

84 

* 

4 

SB 

336 

95/99 

74 

84 

* 

39 

= 

3276 

90/94 

74 

84 

* 

121 

SB 

10164 

85/89 

72 

82 

* 

232 

= 

19024 

80/04 

70 

80 

* 

295 

= 

23600 

75/79 

68 

78 

* 

279 

= 

21762 

70/74 

66 

76 

* 

272 

s; 

20672 

65/69 

62 

72 

* 

228 

*= 

16416 

€0/64 

57 

67 

* 

204 

= 

13668 

55/59 

52 

62 

* 

-i31 

ss 

1.12Z2 

TOTALS 

1856 

140224 

hr/yr 

*F* hr/yr 

ACWT  *  2L 

Condenser  Water  Degree  Hours 

=  140224*F 

•hr/vr 

=  75.6*F 

Z  Annual 

Total  Hours 

1856 

hr/yr 
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4>4.2  ANDW  -  Annual  Wumbei-  Days  Requiring  Morning  Warmup. 

JkPVZiICATIOlIt  Ventilation  and  Recirculation  Savings  Calculations. 

BA8Z8S  Calculated  during  normal  start-up  time  period  of  0100  to  0800 
fr>r  temperature  ranges  below  65 *F  when  boiler  is  availedsle.  ANDW  is 
limited  bV  boiler  availability;  use  scheduled  davs  of  boiler 
operation  if  leas  than  ANDW. 

REQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  0100-0800  Annual  Total  Hours  for  specified 
temperature  ranges. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) . 

1.  Calculate  the  sum  of  Annual  Total  Hours. 


Temp 

0100-0800 

Range 

Annual  Total 

<65 -F 

Hours 

60/64 

315 

55/59 

235 

50/54 

208 

45/49 

206 

40/44 

219 

35/39 

235 

30/34 

237 

25/29 

195 

20/24 

107 

15/19 

74 

10/14 

46 

5/9 

19 

0/4 

13 

-5/-1 

4 

-10/-6 

...X 

TOTAL 

2114 

hrs/yr 

2.  ANDW  »  S  Annual  Total  Hours  «  2114  hrs/vr  «  264  days/yr 

8  hrs/day  8  hrs/day 


4-6 


4-4.3  AST  -  rveraae  Summer  Temperature. 

APPLXCATZOH:  Scheduled  Stax±/Stop  Savings  Calculation. 

BASIS:  Calculated  during  normal  off-time  periods  of  0100-0800  and 
1700-2400  for  temperature  ranges  above  70 *F. 

BEQXJIRED  data:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  0100-0800  and  1700-2400  Annual  Total  Hours 
for  specified  temperature  ranges. 

2.  Determine  mean  temperatures  for  each  temperature  range. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) . 

1.  Calcule.te  Annual  Summer  Degree  Hours  for  each  Mean  Temperature. 


Temp 

Range 

>70‘F 

Mean 
Temp 
Per  5* 
Range 

0100-0800 

Annual 

Total 

Hours 

1700-2400 

Annual 

Total 

Hours 

Annual 

Summer 

Degree 

Hours 

95/99 

97.5 

* 

(0 

+ 

9) 

= 

877.5 

90/94 

92.5 

(0 

+ 

32) 

s= 

2960 

85/89 

87.5 

* 

(4 

<■ 

78) 

s 

7175 

80/84 

82.5 

* 

(29 

151) 

s 

14850 

75/79 

77.5 

* 

(105 

252) 

ss 

27667.5 

70/74 

72.5 

* 

I2.QA 

+ 

= 

45602.5 

TOTALS 

442 

hr/yr 

847 

hr/yr 

99132.5 
*  F • hr/yr 

AST  ■=  S_ 

ijaggree. 

Hours 

£  All  Annual  Total  Hours 


=  F » hr / vr  *  76.9*F 

(442  +  847)  hr/yr 
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4-4.4  AWT  -  Average  Winter  Temperature. 

APPLICATION:  Scheduled  Start/Stop  and  Ventilation  and  Recirculation 
Savings  Calculations. 

BASIS:  Calculated  during  24  hour  tine  period  for  temperature  ranges 
below  65 *F. 

REQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  24  hour  Annual  Total  Hours  for  specified 
temperature  ranges. 

2.  Determine  mean  temperatures  for  each  temperature  range. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) . 

1.  Calculate  Annual  Winter  Degree  Hours  for  each  Mean  Temperature. 


Temp 

Range 

<65*F 

Mean  Temp 
Per  5* 
Range 

Annual 

Total 

iifiurs 

Annual 

Winter 

Degree 

Hoyrp 

60/64 

62.5 

* 

768 

s 

48000 

55/59 

57.5 

* 

619 

* 

35592.5 

50/54 

52.5 

* 

598 

as 

31395 

45/49 

47.5 

* 

608 

as 

28880 

40/44 

42.5 

* 

603 

» 

25627.5 

35/39 

37.5 

* 

606 

* 

22725 

30/34 

32.5 

* 

577 

K 

18752.5 

25/29 

27.5 

* 

412 

S 

11330 

20/24 

22.5 

* 

240 

» 

5400 

15/19 

17.5 

141 

as 

2467.5 

10/14 

12.5 

* 

85 

* 

1062.5 

5/9 

7.5 

* 

39 

» 

292.5 

0/4 

2.5 

* 

21 

52.5 

-5/-1 

-3.5 

* 

6 

as 

-21 

-10/-6 

-8.5 

TOTALS 

* 

__Ju_ 

5324 

hr/yr 

_ 

231548 
*F- hr/yr 

2.  AWT 


E  Annual  Total  Hours 


5324  hr/yr 


43.5*F 
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4-4.5  CFLH  -  Annual  Equivalent  _Full -Load  Hours  for  Coolino. 


APPLICHTXOM:  Chiller  Selection,  Chiller  Water  Temperature  Reset, 
Condenser  Water  Temperature,  and  Chiller  Demand  Limit  Reset  Savings 
Calculations . 


BASIS:  Calculated  during  0900  to  1600  time  period  for  temperature 

ranges  equal  to  or  above  65 ’F.  CFLH  is  limited  bv  chiller 
availability?  use  scheduled  davs  of  chiller  operation  if  less  than 
CFLH. 

REQUIRED  DATA:  Using  Engineering  VTeather  Data. 

1.  In  Chapter  1  or  2,  find  2.5%  Summer  Design  Data  Dry  Bulb 
Temperature . 

2.  In  Chapter  3,  find  0900-1600  or  24  hour  Annual  Total  Hours  for 
specified  temperature  ranges. 

3.  Determine  mean  temperature  for  each  temperature  range. 

I  EXAMPLE  CALCULATXOK:  The  following  example  uses  data  from 

I  Springfield  MAP,  Missouri  (Figure  4-1) ,  for  the  0900-1600  time 

I  period. 

1.  2.5%  Summer  Design  Data  Dry  Bulb  Temperature  (SDDDFT)  =  93*F. 

•2.  Calculate  Cooling  Degree  Hours  for  each  Mean  Temperature. 


Mean  Temp 

Mean 

0900-1600 

Temp 

Per  5' 

Temp 

Annual 

Cooling 

Range 

Range 

minus 

Total 

Degree 

IZ 

Hours 

Hours 

105/109 

107.5 

42.5 

* 

1 

= 

42.5 

100/104 

102.5 

37.5 

* 

4 

s 

150 

95/99 

97.5 

32.5 

* 

39 

= 

1267.5 

90/94 

92.5 

27.5 

121 

3327.5 

85/89 

87.5 

22.5 

* 

232 

= 

5220 

80/84 

82.5 

17.5 

* 

295 

=: 

5162.5 

75/79 

77.5 

12.5 

* 

279 

= 

3487.5 

70/74 

72.5 

7.5 

* 

272 

= 

2040 

65/69 

67.5 

2.5 

* 

228 

=; 

570 

TOTAL 

21267.5 

•F*hr 

CFLH  * 

Cooling  Degree 

Hours 

=  21267.5*JF*hr 

=  760 

hr/yr 

SDDDBT-65* 

F 

93’F-65‘F 
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4-4.6  HFLH  -  Annual  Equivalent  Full-Load  Hours  for  Heating. 

APPLICATION:  Boiler  Selection  and  Hot  Water  Outside  Air  Reset 
Savings  calculation. 

BASIS:  Calculated  during  0900-1600  tine  period  for  temperature 
ranges  below  65 *F.  HFm  is  limited  bv  boiler  availability;  use 
scheduled  davs  of  boiler  operation  if  less  than  HFLH. 

RBQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  1  or  2,  find  97.5%  Winter  Design  Data  Dry  Bulb 
Temperature . 

2.  In  Chapter  3,  find  0900-1600  or  24  hour  Annual  Total  Hours  for 
specified  temperature  ranges. 

3.  Determine  the  mean  temperature  for  each  temperature  range. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) ,  for  the  0900-1600  time 
period. 

1.  97,5%  Winter  Design  Data  Dry  Bulb  Temperature  (WDDDBT)  =  9*F. 

2.  Calculate  Heating  Degree  Hours  for  each  Mean  Temperature. 


Mean  Temp 

65* 

0900-1600 

Temp 

Per  5* 

Minus 

Annual 

Heating 

Range 

Range 

Mean 

Total 

Degree 

<65  T 

If 

Temo 

agUES 

Haars 

60/64 

62.5 

2.5 

* 

204 

s 

510 

55/59 

57.5 

7.5 

* 

181 

B 

1357.5 

50/54 

52.5 

12.5 

* 

182 

= 

2275 

45/49 

47.5 

17.5 

* 

191 

3342.5 

40/44 

42.5 

22.5 

* 

173 

= 

3892.5 

35/39 

37.5 

27.5 

* 

160 

S 

4400 

30/34 

32.5 

32.5 

* 

149 

S 

4842.5 

25/29 

27.5 

37.5 

* 

92 

= 

3450 

20/24 

22.5 

42.5 

* 

54 

2295 

15/19 

17.5 

47.5 

* 

28 

* 

1330 

10/14 

12.5 

52.5 

* 

18 

= 

945 

5/9 

7.5 

57.5 

* 

8 

s 

460 

0/4 

2.5 

62.5 

* 

4 

= 

250 

-5/-1 

-3.5 

68.5 

* 

1 

S 

68.5 

TOTAL  29418.5 

•F*hr 


3-  HFLH  »  S  Heating  Degree  Hours  =  29418. 5*F»hr  =  525  hr/yr 

65*  -  WDDDB  65*F-9*F 
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4-4.7  WKH  -  Heeks  of  Heating. 

APPLICATION;  Scheduled  Start/Stop,  Day/Night  Setback,  Ventilation 
and  Recirculation,  Hot  Deck/Cold  Deck  Temperature  Reset,  and  Reheat 
Coil  Reset  Savings  Calculations. 

BASIS;  For  Weeks  of  Heating  use  all  annual  total  hours  below  65 *F. 
WKH-is_liinited  bv  boiler. availability;  use  scheduled  davs  of  boiler 
operation  if  less  than  WKH. 

REQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  24  hour  Annual  Total  Hours  for  specified 
temperature  ranges. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4>1) . 

1.  Calculate  the  sum  of  Annual  Total  Hours. 


Temp 

Annual  Total 

Range 

Hours 

<65  *F 

below  65' 

60/64 

768 

55/59 

619 

50/54 

598 

45/49 

608 

40/44 

603 

35/39 

606 

30/34 

577 

25/29 

412 

20/24 

240 

15/19 

141 

10/14 

85 

5/9 

39 

0/4 

21 

-5/-1 

6 

-10/-6 

1 

TOTAL 

5324 

hrs/yr 


2.  7  days/wk  *  24  hrs/day  *  168  hrs/wk 


3.  WKH  *  S  Annual  Total  Hours  <65*  *  5324  hrs/vr  =  31.7  wks/yr 

168  hrs/wk  168  hrs/wk 
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4-4.8  WKC  -  Weeks  of  Cooling. 


XBPLXCATXON:  Scheduled  Start/Stop,  Day/Nlght  Setback,  Ventilation 
and  Recirculation,  Hot  Deck/ Cold  Deck  Temperature  Reset,  and  Reheat 
Coil  Reset  Savings  Calculations. 

BR8X8:  For  Weeks  of  Cooling  use  all  annual  total  hours  above  70 *F. 

i8_ limited  bv  chiller  availability;  use  scheduled  davs,  of  chiller 
■iperation  if  less  than  WKC. 

REQUIRED  DXTXt  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  24  hour  Annual  Total  Hours  for  specified 
temperature  ranges. 

EZXMPLE  CXLCULXTION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) . 

1.  Calculate  the  sum  of  Annual  Total  Hours. 


Temp 

Annual  Total 

Range 

Hours 

>70‘P 

above  70* 

105/109 

1 

100/104 

4 

95/99 

48 

90/94 

153 

85/89 

314 

80/84 

475 

75/79 

636 

70/74 

901 

TOTAL 

2532 

hrs/yr 

2.  7  days/wk  *  24  hrs/day  «  168  hrs/wk 

3.  WKH  «  2  Annual  Total  Hours  >70*  *  2532  hrs/vr  *  15.1  wks/yr 

168  hrs/wk  168  hrs/wk 
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4-4.9  OAE  -  Average  Outside  Air  Enthalpy 


APPLICATION:  Scheduled  Start/Stop  and  Ventilation  and  Recirculation 
Savings  Calculations. 

BASIS:  Calculated  during  the  normally  unoccupied  time  periods  of 
0100-0800  and  1700-2400  for  dry  bulb  temperatures  above  70 'F. 

REQUIRED  DATA:  Using  Engineering  Weather  Data. 

1.  In  Chapter  3,  find  Total  Annual  Mean  Coincident  Wet  Bulb  (MCWB) 
temperatures  for  dry  bulb  temperature  ranges  above  70 *F. 

1.  In  Chapter  3,  find  0100-0800  and  1700-2400  Annual  Total  Hours 
for  corresponding  MCWB  temperatures. 

EXAMPLE  CALCULATION:  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figure  4-1) . 

1.  Calculate  Annual  Degree  Hours  for  each  MCWB  Temperature. 


Temp 
Range 
>70  *F 

Annual 

Total 

MCWB 

Temp 

UL 

0100-0800 

Annual 

Total 

Hams 

1700-2400 

Annual 

Total 

Hams 

Annual 

Degree 

Hams 

95/99 

74 

* 

(0 

+ 

9) 

ss 

666 

90/94 

74 

* 

(0 

+ 

32) 

as 

2368 

85/89 

72 

* 

(4 

+ 

78) 

as 

5904 

80/84 

70 

* 

(29 

+ 

151) 

m 

12600 

75/79 

68 

* 

llSi^ 

+ 

- 

242.75 

70/74 

66 

TOTALS 

* 

(304 

442 

hr/yr 

+ 

325) 

847 

hr/yr 

as 

41514 

87328 
*F* hr/yr 

2.  Average  wet  bulb  temperature  «  S  Annual  Degree  Hours 

I!  All  Animal  Total  Hours 

*  87328 *F»hr/vr  «  67.7 'F 

(442  +  847)  hr/yr 

3.  Using  Table  4-1  and  interpolating  where  necessary,  find  the 
enthalpy  which  corresponds  to  the  wet  bulb  temperature 

of  67.7T. 

OAE  *=  32.14  BtU/lb 
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Table  4~1.  Enthalpy  of  Air  for  Selected  Wet  Bulb  Temperatures 


Wet  Bulb 

Enthalpy 

Wet  Bulb 

Enthalpy 

Temp  *F 

BWib 

ISttP  -If 

40 

15.20 

70 

34.00 

41 

15.66 

71 

34.86 

42 

16.14 

72 

35.74 

43 

16.62 

73 

36.64 

44 

17.11 

74 

37.56 

45 

17.61 

75 

38.50 

46 

18.12 

76 

39.47 

47 

18.64 

77 

40.46 

48 

19.17 

78 

41.47 

49 

19.71 

79 

42.50 

50 

20.26 

80 

43.57 

51 

20.82 

81 

44.65 

52 

21.39 

82 

45.77 

53 

21.97 

83 

46.91 

54 

22.57 

84 

48.08 

55 

23.17 

85 

49.28 

56 

23.79 

86 

50.52 

57 

24.42 

87 

51,78 

58 

25.07 

88 

53.0? 

59 

25.73 

89 

54.40 

60 

26.40 

90 

55.76 

61 

27.09 

91 

57.16 

62 

27.79 

92 

58.59 

63 

28.51 

93 

60.06 

64 

29.24 

94 

61.57 

65 

29.99 

95 

63.12 

66 

30.76 

96 

64.70 

67 

31.54 

97 

66.33 

68 

32.34 

98 

68.01 

69 

33.16 

99 

69.73 

100 

71.49 
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4-4.10  PRT  -  Percent  Run  Time  to  Maintain  Low  TeinDera:ture  _LiTnit. 

APPLICATIONS  Scheduled  Start/Stop  Savings  calculation. 

BASISS  The  percent  run  time  Is  the  percentage  of  scheduled  off  time 
during  unoccupied  periods  when  the  fans  and  p\imps  must  come  back  on 
in  order  to  maintain  a  55 T  low  temperature  limit.  Use  the,  actual 
ecfuipment  schedule  if  av-ailable. 

KSQUIRSD  DATAs  Using  Engineering  Weather  Data  and  Figure  4-3  of  this 
manual , 

1.  In  Chapter  1,  find  the  annual  Heating  Degree  Days. 

2.  Using  Figure  4-3,  find  the  corresponding  percent  run  time. 

EXAMPLE  CALCULATIONS  The  following  example  uses  data  from 
Springfield  MAP,  Missouri  (Figures  4-1  and  4-2). 

1.  From  engineering  Weather  Data.  Heating  Degree  Days  »  4570 

2.  From  Figure  4-3,  PRT  «  15% 
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4-4.11  BIT  -  Building.  Tliennal  Transmission . 


APPLICATION:  Scheduled  Start/Stop  and  Day/Nlght  Setback  Savings 
Calculations . 

BASIS:  This  factor  reflects  the  amount  of  heat  loss  (gain) 
attributable  to  the  building's  type  of  construction  and  amount  of  air 
infiltration. 

Most  data  needed  to  calculate  the  U  factor  and  Infiltration  have  been 
reproduced  in  Appendix  C  from  the  ASHRAE  Handbook,  Fundamentals.  For 
additional  information,  refer  to  the  Handbook. 

REQUIRED  DATA: 

1.  D  (Btu/hr« T’ft* )  -  Thermal  transmittance  factor  for  walls, 
windows,  doors,  and  roof.  These  factors  may  be  calculated  using 
methods  discussed  in  Chapter  22  of  the  ASHRAE  Handbook — ’ 
Fundamentals.  Note:  D=l/R 

2.  I  (cfm)  -  Total  air  infiltration  for  the  building  which  may  be 
calculated  using  methods  discussed  in  Chapter  23  of  the  ASHRAE 
Handbook— Fundamentals . 

3.  1.08  (Btu/cfm*hr* ’F)  -  constant  (ref  Appendix  A) 

4 .  Af  ( ft* )  -  Gross  floor  area  of  the  building  which  can  be 
determined  from  the  field  survey  data. 

CALCULATION: 

For  parallel  heat  flow  paths, 

(Btu/hr»*F)  -  Modified  Combined  Thermal  Transrxttance  Factor. 

This  modified  combined  U  factor  is  for  all  exterior  surfaces  (walls, 
windows,  doors,  roof)  and  may  be  calculated  using  methods  discussed 
below  and  in  Chapter  22  of  the  ASHRAE  Handbook — Fundamentals  (ref 
Appendix  C) . 

Repeat  the  U  x  A  calculation  for  each  different  type  of  wall,  window, 
door,  or  roofing  material. 

^0^0  "  ^  n*t  ^  ^indov  ^door  ^  ^door  ®roof  ^  ^roof 


BTT  (Btu/hr«ft»  •  T)  »  ^  1.08) 


Af 

EXAMPLE  CALCULATION: 

See  example  calculation  in  Section  6  of  this  manual.  Refer  to 
Chapter  22  and  23  of  the  ASHRAE  Handbook — Fundamentals  for  additional 
examples. 
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Factor 


Calculated  Value 


m 


4-4.5 


B 


4-4.8 


4-4.9 


4-4.10 


ACWT 

- 

•F 

ANDW 

- 

days/year 

AST 

- 

•F 

AWT 

•F 

CFLH 

- 

hrs/year 

HFLH 

- 

hrs/year 

WKH 

* 

wceks/year 

WKC 

■1 

weeks/year 

OAE 

- 

Btu/lb 

PRT 

UoAo 

C« 

Btu/hr- *F 

I 

- 

cfm 

A£ 

as 

M) 

rt 

BTT 

as 

Btu/hr* ft'  • ‘F 

Figure  4-4  .  Factor  Suitunary 


Section  V.  SAVINGS  CALCULATIONS 

5-1  INTRODUCTION.  This  section  describes  the  EMCS  savings 
calculations.  The  calculations  use  climate  based  and  building  based 
factors  which  were  developed  in  Section  IV.  The  information  is 
presented  so  that  the  user  ci«n  understand  the  development  of  sa\'ings 
figures  generated  by  the  ESA  program  and  perform  manual  cal vulat ions 
if  required. 

5-2  BACKGROUND. 

Figure  5-1  shows  the  typical  HVAC  related  mechanical  systems  found  in 
an  industrial/commercial  building  and  the  EMCS  strategy  or  strategies 
applicable  to  each.  The  reasoning  behind  the  use  of  the  strategies 
is  discussed  in  Section  III  of  Enercrv  Monitoring  and  Control  systems. 
TM5-815-2/NAVFAC  DM-4 . 09/AFM  88-36. 

Since  it  is  not  possible  to  completely  describe  all  activities 
involved  in  the  engineering  design  process,  this  section  is  meant  to 
be  used  only  as  a  framework  for  EMCS  analysis.  Every  facility  is 
different  and  various  calculations  must  be  adapted,  augmented,  or 
ignored  as  the  situation  requires.  The  judgement  required  to  make 
these  decisions  requires  professional  engineering  personnel  familiar 
with  the  mechanical  systems,  electrical  systems,  and  EMCS. 

5-3  HOW  TO  USE  THIS  SECTION.  For  simplicity,  units  of  measure  for 
constants  and  conversion  factors  have  not  been  included  in  the 
calculations.  Refer  to  Appendix  A  for  variable  definitions,  units  of 
measure,  and  typical  values  where  applicable.  Refer  to  Appendix  B 
for  constants  and  conversion  factors  complete  with  units  and  limited 
discussion. 

Each  calculation  results  in  an  answer  with  units  of  energy  per  year. 
The  summary  sheet  has  prevision  for  converting  units  of  energy  to 
units  of  fuel.  Savings  strategies  can  be  compared  on  the  basis  of 
energy  used  or  the  fuel  cost  of  providing  that  energy. 

Care  must  be  taken  not  ec  calculate  the  same  heating  or  cooling 
savings  for  both  the  secondary  system  and  primary  system  serving  it. 
For  example,  consider  a  chiller  providing  chilled  water  to  the 
AHU  which  provides  cooling  for  Zone  1  of  a  building.  Scheduled 
Start/Stop  cooling  savings  for  Zone  1  may  be  calculated  for  the 
chiller  or  the  AHU  but  not  both. 

Follow  the  procedure  outlined  for  each  calculation  while  paying 
attention  to  any  application  notes.  Where  applicable,  use  total  HP 
for  all  fans,  cooling,  and  heating  pumps  associated  with  this  system. 
EXCEPTION:  For  packaged  units  such  as  Air  Cooled  Chillers  and  Air 
Cooled  DX  units,  include  HP  as  a  component  of  the  CPT  factor. 
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Figure  S-1.  Energy  Conservation  Program  Applications 


5-4  SAVINGS  CALCULATIONS . 

5-4.1  Scheduled  Start/Stop 

APPLICATION  NOTES: 

1.  Use  average  winter  temperature  (AWT)  in  place  cf  the  low 
temperature  limit  (LTL)  if: 

a.  No  low  temperature  limit  is  desired  (set  PRT  ^  zero)  or 

b.  AWT  >  LTL. 

If  PRT  =  zero  or  AWT  >  LTL,  the  ESA  program  will  automatically 
use  AWT  in  place  of  LTL. 

2.  For  WKH  and  WKC  use  actual  length  of  heating  and  cooling  seasons 
if  known. 

3.  For  Hh/'Hc  use  currently  scheduled  time  for  equipment  operation 
or  estimate  using  the  hours  of  occupancy  plus  2  hours  per  day 
for  warmup/cooldown.  For  HhEMCS/KcEMCS  also  add  warmup/cooldcwn 
times . 

4.  Do  not  shut  down  fans  which  are  required  for  minimum  ventilation 
or  in-line  circulating  pumps  on  hot  water  systems. 

CALCULATIONS : 

1.  Heat  losa/gain  through  the  structure 

Heating  savings  (MBtu/yr) : 

BTT  X  Az  X  (WSP^TL)  x  (Hh-HhEMCS)  X  WICH 
HSE  X  10* 

Heating  savings  for  Electric  Unit  Heater  and  Electric  Radiation 
(kWh/yr) ; 


BTT  X  Az  X  (WSP-LTL)  X  (Hh-HhEMCS)  x  WKH 
HSE  X  3413 

Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kw/ton) ; 

BTT  X  Az  X  (AST~SSP)  X  (Hc-HcEMCS)  x  WKC  x  CPT 

12,000 

Cooling  savings  with  steam  driven  chiller 
(MBtu/yr  with  CPT  in  lb/hr»ton) ; 

BTT  X  Az  X  (AST-SSP)  x  (Hc-HcEMCS)  x  WKC  x  CPT  x  1000 

12,000  X  10* 
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2.  B«at  loBs/g».in  through  voutilatlon  air 


Heating  savings  (MBtu/yr) : 

cm  X  POA  X  1.08  X  (WSP-AWT)  x  (Hh-HhEMCS^  x  WKH 

KSE  X  10* 

Heating  savings  for  Electric  Unit  Heater  and  Electric  Radiation 
(kwh/yr) ; 


CPH  X  POA  X  1.08  X  (VS^-AWT)  x  (Hh-HhEMCS)  x  WKH 

HSE  X  3413 

Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kw/ton) : 

CFM  X  POA  X  4,5  X  Cj?AE-RAE)  x  (Hc-HcEMC£)  .x  WKC  .x  CPT 

12,000 


Cooling  savings  with  steam  driven  chiller 
(MBtu/yr  with  CPT  in  lb/hr*ton) : 

cm  X  POA  X  4,5  X  (OAE-RAE)  X  ■fHc-HcEMCSl_x,  WKC  x  CPT  x  1000 

12,000  x  10* 

3.  Auxiliary  equipaant  operation 

Heating  auxiliary  savings  (kWh/yr) ? 

HP  X  L  X  0.746  x  (Hh-HhEMCS)  x  WKH  x  (1-PRT) 

Cooling  auxiliary  savings  (kWb/yr) : 

HP  X  L  X  0.746  X  (Hc-HcEMCS)  x  WKC 

5-4.2  Optimum  Start/Stop 

APPLICATION  NOTES:  The  Optimum  Start/Stop  savings  calculation  is 
used  in  place  of  Scheduled  Start/Stop  to  start  and  stop  equipment  on 
a  sliding  schedule.  The  program  incorporates  thermal  inertia  of  the 
building,  capacity  of  the  HVAC  system,  and  outsit e  air  conditions. 
Use  of  a  computer  simulation,  which  typically  includes  both  Optimum 
and  Scheduled  Start/Stop,  is  required  fcr  accurate  determination  of 
savings  therefore  calculations  are  not  presented  in  this  manual. 
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5-4 . 3  Duty  Cycling 


APPLICATION  NOTES: 

1.  Applies  only  to  constant  loads. 

2.  Does  not  apply  to  loads  which  already  cycle  under  local  control. 

3.  Duty  cycling  performed  during  hours  of  occupancy  (assumes  no 
duty  cycling  during  warmup  or  cooldown) . 

4.  Do  not  duty  cycle  fans  which  are  required  for  minimum 
ventilation,  boilers,  chillers,  or  in-line  circulating  pumps. 

calculations: 

Auxiliary  motor  savings  (kWh/yr)  ««• 

HP  X  L  X  0.746  X  OH  X  DOST  x  52  wk/yr 

Electric  Unit  Heater  and  Electric  Radiation  savings  (kWh/yr)  = 

PWR  X  OH  X  DOST  x  52  wk/yr 

5-4.4  Demand  Limiting 

application  NOTES: 

1.  Assumes  that  the  system  can  be  shed  a  portion  of  the  time  under 
peak  load  conditions.  The  shed  time  will  vary  in  different 
parts  of  the  co\intry. 

2 .  Do  not  shut  down  fans  which  are  required  for  minimum 
ventilation. 

CALCULATIONS : 

Auxiliary  motor  savings  (kW)  = 

HP  X  L  X  0.746  X  DLST 

Electric  Unit  Heater  and  Electric  Radiation  savings  (kW)  = 

PWR  X  DLST 
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5-4.5  Day/Night  Setback 


XPPLZCATZOK  NOTES: 

1.  Used  in  place  of  Scheduled  Start/Stop  for  systems  where  the 
temperature  must  be  controlled  within  specified  limits. 

2.  Make  sure  that  the  setpoints  for  all  heating  systems  serving  the 
zone  are  controlled. 

3.  If  outside  air  dampers  can  be  closed  during  the  setback  period, 
the  Ventilation  and  Recirculation  strategy  may  be  applied. 

4.  For  WSPR,  use  the  smaller  of  WSPR,  WSP-LTL,  or  WSP-AWT.  If  PRT 
is  zero,  use  AWT  Instead  of  LTL.  For  SSPR,  use  the  smaller  of 
SSPR  or  AST-SSP.  The  ESA  program  will  do  this  automatically. 

5.  For  Hwsp/Hssp  use  currently  scheduled  time  during  which  the 
system  is  operated  at  the  WSP/SSP  or  hours  of  occupancy  plus 
1  hour  per  day  for  warmup/ cooldown. 

CALCCIATZOMS: 

Heating  savings  (MBtu/yr)  « 

BTT  y  A2  X  WSPR  X  (168-Hwsd)  x  WKH 
HSE  X  10* 

Heating  savings  for  Electric  Unit  Heater  and  Electric  Radiation 
(kWh/yr) : 


BTT  X  Az  X  WSPR  x  a68-HwSP>  X  WKH 
HSE  X  3413 

Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kw/ton) : 

BTT  X  Az  X  SSPR  x  fl68>HssD)  x  WKC  x  CPT 

12,000 

Cooling  savings  with  steam  driven  chiller 
(MBtu/yr  with  CPT  in  lb/hr*ton) : 

BTT  X  Az  X  SSPR  x  (168^S5p)  x  WKC  x  CPT  x  1000 

12,000  X  10* 

5-4 . 6  Outside  Air  Dry  Bulb  Economizer 

APPLICATION  MOTES:  This  savings  calculation  is  applicable  to  air 
systems  with  outside  air  and  exhaust  air  dampers.  Use  of  a  computer 
simulation  is  required  for  accurate  determination  of  savings 
therefore  calculations  are  not  presented  in  this  manual. 
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5-4.7  Ventilation  and  Recirculation 


APPLICATION  NOTES: 

1..  Used  in  conjunction  with  scheduled  Start/Stop  or  Day/Night 
Setback  to  control  outside  air  dampers. 

2.  Do  not  shut  down  fans  which  are  required  for  minimum 
ventilation. 

CALCULATIONS: 

1.  The  following  calculation  applies  to  systems  which  are  shut  down 
by  the  Scheduled  Start/Stop  strategy  and  is  applied  to  the 
warmup  period  prior  to  occupancy.  Heating  savings  are  a  result 
of  eliminating  OA  during  the  warmup  period  except  for  the 
ventilation  purge  time  when  OA  must  be  introduced.  No  cool-down 
ventilation  savings  is  included  in  the  analysis  based  on  the 
assumption  that  early  morning  outside  air  adds  a  negligible 
amount  to  the  cooling  load  and  may  actually  lessen  the  load 
through  an  economizer  effect. 

Heating  savings  (MBtu/yr)  « 

era  X  POA  X  1.08  X  mSP-AWT)  x  ANDW_x  fWU.(PT/6D)1 

HSE  X  10* 

2.  The  following  calculations  apply  to  ventilating  systems  in  which 
the  temperature  is  set  back  using  the  Day/Night  Setback 
Strategy.  These  systems  may  not  be  shut  down  but  may  eliminate 
outside  air  during  building  unoccupied  periods  except  for  the 
ventilation  purge  time  when  OA  must  be  introduced. 

Heating  savings  (MBtu/yr)  = 

era  X  POA  X  1.08  X  (WSP-AWT)  x  f(168  •  OH)-(PT/60  x  Dh) 1  x  WKH 

HSE  X  10* 

Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kW/ton) : 

cra_x  POA  X  4,5  X  ^OAE-RAE)  x  f  a68  -  OH)-fPT/60  x  DO  1  X  WKC  x  CPT 

12,000 

Cooling  savings  with  steam  driven  chiller 
(MBtu/yr  with  CPT  in  lb/hr*ton) : 

era  X  POA  X  4.5  X  (OAE-RAE)  x  [(168  ^  QH)-(PT/60  x  Dc)l  x  WKC  x  CPT  x  1000 

12,000  X  10* 
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5-4.8  Hot  Deck/Cold  Deck  Temperatui^  Reset 


APPLICATION  NOTES: 

1.  The  average  discharge  temperature  resets  (SCDR,  SHDR,  WHDR)  are 
system  dependent  and  difficult  to  estimate.  Refer  to  Appendix  A 
for  reasonedsle  estimates  In  lieu  of  actual  data. 

2.  A  computer  simulation  Is  required  for  accurately  detei’.’minlng  the 
savings  from  this  strategy  when  used  with  economizer  control. 

CALCULATIONS: 

Heating  savings  (MBtu/yr)  « 

era  X  Phd  X  1.08  X  Hhc  X  ffWKO  x  SHDR)  -h  fWKH  x  WHDR)  1 

HSE  X  10* 

The  following  two  equations  assume  that  a  1*F  change  in  cold 
deck  temperature  is  equivalent  to  a  0.6  Btu/lb  change  in 
enthalpy. 

Cooling  savings  with  electrically  driven  chiller,  no  economizer 
(kWh/yr  with  CPT  in  kw/ton) ; 

era  X  Ped  X  4.5  X  Hhc  X  WKC  X  SCDR  x  0.6  x  CPT 

12,000 

Cooling  savings  with  steam  driven  chiller,  no  economizer 
(MBtu/yr  with  CPT  in  Ib/hr-ton): 

^,5.  X  Hbs  X  x  SCBL-X i?u^-X-ggI-k-IPQ.Q 

12,000  X  10* 
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5-4.9  Reheat  Coil  Reset 


APPLICATION  NOTES:  A  conputer  simulation  is  required  for  accurately 
determining  the  savings  from  Reheat  Coil  Reset  when  used  with 
economizer  control. 

CALCULATIONS: 

Reheat  savings  (MBtu/yr)  - 

cm  X  I.a8__x_Hh  K  52  wk/vr  x  RHR 
HSE  X  10* 

The  following  two  ec[uations  assume  that  a  1*F  change  in  cooling 
coil  temperature  is  equivalent  to  a  0.6  Btu/lb  change  in 
enthalpy . 

Cooling  savings  with  electrically  driven  chiller,  no  economizer 
(kWh/yr  with  CPT  in  kW/ton) : 

CRl  X  4.5  X  Hh  X  WKC  X  RHR  X  0.6  x  CPT 

12,000 

Cooling  savings  with  steam  driven  chiller,  no  economizer 
(MBtu/yr  with  CPT  in  lb/hr‘ton): 

cm  X  4.5  X  Hh  x_WKC  X  RHR  x_0.6  x  CPT  x  1000 
12,000  X  10* 

5-4 . 10  Steam  and  Hot  Water  Boiler  Selection 


APPLICATION  notes: 

CALCULATIONS: 

Heating  Savings  (MBtu/yr)  ■= 

HELH.x  BCEI  X  CAP 
HSE  X  10* 
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5-4 . 11  Hot  Water  Outside  Air  Reset 


JUPPLICATXOM  VOTES  t 
CXLCUIATZOHSl 

Heating  savings  (HBtu/yr)  ■> 

HFLH  X  OAEl  x  CAP 
HSE  X  10* 


5-4.12  Chiller  Selection 


APPLICATZQH  MOTES t 

1.  Appliceible  only  to  chilled  water  plants  with  multiple  chillers. 
CALCULXTIOM8: 

Cooling  savings  with  electrically  driven  chiller,  no  economizer 
(kWh/yr  with  CPT  in  kw/ton) : 

CFLH  X  TON  X  CPT  x  CSEI 

Cooling  savings  with  steam  driven  chiller,  no  economizer 
(MBtu/yr  with  CPT  in  lb/hr«ton) : 

CFLH  X  TON  x  CPT  X  CSEI  x  1000 
10* 

5-4.13  Chiller  Water  Temperature  Reset 

APPLICATION  NOTES:  The  amount  of  reset  (CHTR)  generally  ranges 
between  2*F  and  5*F.  A  conservative  estimate  of  2*F  is  recommended 
for  the  calculation. 

calculations: 

Cooling  savings  with  electrically  driven  chiller,  no  economizer 
(kWh/yr  with  CPT  in  kw/ton) : 

CFLH  X  TON  X  CPT  X  CWTR  x  REI 

Cooling  savings  with  steam  driven  chiller,  nt  economizer 
(MBtu/yr  with  CPT  in  lb/hr*ton) : 

CFLH  X  TON  X  CPT  X  CWTR  _x  REI  x  1000 
10* 
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5-4.14  Condenser  Water  Temperature  Reset 

APPLICATION  MOTES:  Do  not  reduce  condenser  temperature  below 
manufacturer's  recommended  low  temperature  limit. 

CALCULATIONS I  The  calculation  procedure  requires  four  steps: 

1.  Calculate  the  average  reduction  in  condenser  water  temperature 
which  is  achievable: 

RCWT  -  PCMT  -  ACWT 

2.  Use  Figure  5-2  to  determine  the  percent  efficiency  increase 
(PEI)  of  the  chiller  based  on  RCWT  from  above. 

3.  Determine  the  adjusted  efficiency  increase  (AEI)  of  the  chiller 

a.  If  fan  runs  continuously,  but  will  be  cycled, 

AEI  -  PEI  -t-  5.5 
100 

b.  If  fan  cycles, 

AEI  -  PEI  -  2.8 
100 

4.  c>ilculate  the  cooling  savings: 

Cooling  savings  with  electrically  driven  chillez ,  no  economizer 
(kWh/yr  with  CPT  in  kw/ton) : 

GFLH  X  TON  X  CPT  X  AEI 

Cooling  savings  with  steam  driven  chiller,  no  economizer 
(MBtu/yr  with  CPT  in  Ib/hr-ton) : 


sfUH-A-iw  X  pnj^-AEi-x  laaa 

10^ 


5C 


0  5  10  15  20 

REDUCTION  IN  CONDENSER  WATER  TEMPERATURE  .  "F  (RCWT) 


Figure  5-2.  Chiller  RCWT  ffi  PEI 
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PERCENT  EFFICIENCY  INCREASE  OF  CHILLER  (Pel) 


5-4 . 15  Chiller  Demand  Limit 


AS9LZCATIOK  MOTES t 

1.  Applicable  to  centrifugal  chillers  that  are  equipped  with  an 
adjustable  control  system  for  limiting  the  available  cooling 
capacity. 

CALCULATIONS: 


Savings  (kW)  »  CHP  x  CME  x  0,74(  x  SDC  x  SDT 

5-4.16  Lighting  Control 

APPLICATION  NOTES: 

1.  Applicable  to  relay  operated  zoned  lighting. 

2.  Assumes  one  lighting  zone.. 

CALCULATIONS: 


Savings  (kWh/yr)  ®  TC^  x  (H|^-H,^EMCS)  x  52  wk/yr 

5-4 . 17  Run  Time  Recording 

APPLICATION  MOTES j  This  savings  is  based  on  the  assumption  that  the 
EMCS  is  able  to  save  one  2  hour  man-visit  per  year  to  the  system 
being  monitored.  This  may  or  may  not  represent  a  savings  over 
present  facility  maintenance  procedures. 

Labor  savings  -  2  man-hours/yr 

3-4 . 18  Safety  Alarm 

APPLICATION  MOTES:  This  savings  is  based  on  the  assumption  that  the 
EIICS  is  able  to  save  one  2  hour  man-visit  per  year  to  check  alarms 
and  diagnose  problems.  This  may  or  may  not  represent  a  savings  over 
p.:esent  facility  maintenance  procedures. 

Labor  savings  -  2  man-hours/yr 
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Ref 


5- 


5-4.2 


5-4.3 


5- 


.5 


5-4.6 


5- 


Strategy 


Scheduled  Start/Stop 


Optimum  Start/Stop 


Duty  Cycling 


Demand  Limiting 


Day/Night  Setback  _ 


OA  Dry  Bulb  Economizer 


Ventilation  and 
Recirculation 


Hot  Deck/Cold  Deck 
Temperature  Reset _ 


Reheat  Coil  Reset 


MBtu/yr 


5-4.10 

Boiler  Selection 

5-4.11 

Hot  Water  Outside 

Air  Reset 

Chiller  Selection 

5-4.13 

Chiller  Water 
Temperature  Reset 

5-4.14 

Condenser  Water 
Temperature  Reset 

5-4.15 

Chiller  Demand  Limit 

5-4.16 

Lighting  Control 

5-4.17 

Run  Time  Recording 

5-4.18 

Safety  Alarm 

MBtu  Sub  Total 

Fuel 

Type 

+  HV 

(See  Appsrelix  A) 

Notes  - 

TOTALS 

kWh/yr 

kW 

:  n  s'*'  V" 

'  >  » ^ 

S  S  <  NS  'n\ 

kWh/yr 


Mh/yr 
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Section  VI.  EXAMPLE  SAVINGS  CALCULATIONS 

0—1  INTRODUCTION  and  DATJ.  i:ORMS.  This  section  demonstrates  several 
energy  savings  calculations  for  hypothetical  Headquarters  building 
607  which  is  located  on  Fort  Example,  Springfield,  Missouri. 

Building  607  is  serviced  by  the  following  HVAC  and  lighting  systems: 


1. 

AHU  1 

Multi-zone  AHU 

2  . 

AHU  2 

Single  Zone  AHU 

3. 

HW  1 

Hot  Water  Boiler 

4. 

CH  2 

Water  cooled  Chiller 

5. 

LT  1 

Lighting  Circuit 

6. 

LT  2 

Lighting  Circuit 

The  savings  calculation  procedure  consists  of: 

^  Completing  a  physical  survey  of  the  building. 

•  Determining  the  climate  and  building  factors  using  the 
procedures  outlined  in  Section  IV. 

•  Determining  which  EMCS  savings  calculations  to  apply  considering 
the  systems  and  operating  conditions  (refer  to  Figure  5-1) . 

•  Using  the  suzrvey  data  and  factors  to  calculate  EMCS  savings. 


Input  data  is  included  for  all  systems.  Calculations  and  summary 
sheets  are  provided  for  AHU  l  as  an  example  methodology.  A 
detailed  printout  from  the  ESA  program  is  en  sed  which  shows  the 
input  and  output  data  for  AHU  1  and  the  remaining  systems. 
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NOIE  -  UNTTS  OF  MEASURE:  Arm  -  if.Tmmpenturo  -  'F 
Sm  AppttKBx  A  for  toq^lanation  of  t&nns. 


PM& 


Sketch  project  layout  -  locatione,  distances  between  buildings,  important  features,  etc. 


GROUP  ^  Nori-U 


BUILDING  (jPO 


Building  Hours  of  Operation:  0100-0800  Q9Q0- 

Heating  Fuel  Type:  ^/c4 0^6.^ _ 

Sketch  Building  •  Locate  Zones,  Windows,  Doors,  etc. 


1700-2400 


Iru) 

10,000  S-f 


8.000  %-f 


I  5,000  af 


AolAt/n 

jO,0fio 


8'  X  7  ■ 

Q+y  1 

Pe*r5oe*»«4 

/  1 

4  X 

Q+y  5 

1  " 

^oli/  ^ 

3x5' 

Ct.i-y  4-Z- 

4Al«vi  /ifH- 

A/*  '  000 

One.  i>hr^ 
tJo  be}eth4»\k 
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GROUP  3  A/orM 


BUILDING 


TOTAL  R  VALUE  Q.fU 

1/R  -  -  OJZL^ 


No.  of  Floors  (above  ground)  f  ^ 

Avg.  Floor  to  Floor  Height _  /y 

No.  of  Basenteni  Levels 
Gross  Floor  Area  <Af> 

Roof  Area  <A^> 

Estintated  total  bldg,  air  Infiltration  (dm)  <l>  _ 


Calculated  Total  Areas  (above  ground): 

Walls,  gross  ///  l&O  irf  _ 

Windows  ^  _ 

Doors  <A _ > _  _ ^  7 i/*  j- 12^  i 


Doors  <A-^> 


Walls,  net  <A^  ,^>  ili"  if 


GROUP  3 


BUILDING  7 


WINDOW  TYPE 

windov;type. 

WINDOW  TYPE . 


door  TYPE. 
DOOR  TYPE. 
DOOR  TYPE. 


OTHER _ 

OTHER _ 

OTHER _ 


R-VALUE . 
R-VALUE . 
R  VALUE . 


R-VALUE 
R-VALUE . 
RVALUE . 


R-VALUE . 
R-VALUE . 
R-VALUE . 


Z./L 


U«A„  *  Ml  ^HlrMaK  ^  ^door  *  ^boor  ^loo*  *  ^mo» 

(0.i3f^  Y  Y-  (O.S7/4  X'  ^ 

-t- (ojtzs X ^ 


Remarks  •  Note  air  leaks,  stnKtural  damage,  broken/defective  window,  fit  of  windows  and  doors,  vents  that  remain 
open,  etc 


BUILDING 


ZONE  DATA 


Pag* 


of 
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GROUP  _ 3 


BUILDING 


&0? 


ZONE  DATA 

ZONE  ID. 
Location. 


Ae,^/ 


FitfMtinn 


Floor  Araa  — 


Occupied  Summer  Setpoint  <SSP> 
Occupied  Winter  Setpoint  <WSP>  — 


70 


Daye/Week  Heating  Equipntent  Operation  <Dh> 
Days/Week  Cooling  Equipment  Operation  <Oc> 


SPECIAL  REQUIREMENTS 

Can  ventilation  be  shut  down  for  duty  cycling?  (Y/N) _ | 

Can  ventilation  be  shut  down  for  demand  limiting?  (Y/N) 

Can  ventilation  be  shut  down  during  urtoocupied  hours?  (Y/N) 

If  yes,  what  is  the  required  OA  purge  tinte  before  occupancy?  <PT> 
REMARKS 


Systems  Serving  Zone. 

Nominal  hours/week  occupied  <OH>  .  3o 
Warmup  time  before  occupancy  (hr)  <WU>  . 

Low  Temperature  Limit  <LTL> _ SS— 

Summer  Setpoint  Reset  <SSPR> 

(SSPR  s  AST-SSP) 

Winter  Setpoint  Reset  <WSPR>  . 

(WSPR  s  WSP-AWT,  5  WSP-LTL) 


lomsim 


ZONE  ID . 
Location. 
F'jTKtion. 


i  //>rt 


RftQfArM 


Occupied  Summer  Setpoint  <SSP>  7 
Occupied  Winter  Setpoint  <WSP> 


Days/Week  Heatir>g  Equipment  Operation  <Dh> 
Cays/Week  Cooling  Equipment  Operation  <Dc> 


Systems  Serving  Zone  /IM/  i-T/ 

Nominal  houia/vmoh  occupiod  <OH> 


Warmup  time  before  occupancy  (hr)  <WU>  . 
Low  Temperature  Umit  <Ln.> 

Summer  Setpoint  R  set  <SSPR>  ^ _ 

(SSPR  s  AST^P) 

Winter  Setpoint  Reset  <WSPR>  ^ 


(WSPR  s  WSP-AWT.  s  WSP-LTL) 


special  REQUIREMENTS 
Can  ventilation  be  shut  down  for  duty  cycling?  (Y/N) 

Can  ventilation  be  shut  down  for  demand  Hmiting?  (Y/N)  V 


V  For  what  %  time?  <DCST>_— 


Can  ventilation  be  shut  down  durir>g  unoccupied  hours?  (Y/N). 

If  yes,  what  is  the  required  OA  purge  time  before  occupancy?  <  FT> . 
REMARKS 


For  what  %  time?  <DLST> . 


/£. 


Page 


of 
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GROUP  3  A/or-M 


BUiLPING  CfQ  7 


SYSTEM 


Syvtwn  Dmc 
i  A/it/  /“g. 


Zones  Served . 


/-2-- 


Total  Area  Served  </a.> 


System  Efficiency  <HSE>  ^  —  Unit  Supplying  Heating  Ertergy- 

Reheat  Coil  Reset  <RHR> _ ZZ -  Heating  Energy  Fuel  Source - ^ 

Present  percent  of  OA  used  (decimal)  <  POA>  .  Unit  Supplying  Cooling  Energy  — — 

Ertergy  Used/Ton  Refrigeration  <CPT>  — /‘P  Cooling  Energy  Fuel  Souroa 


tj2££_ 

< 


CURRENT  OPERATING  SCHEDULE 
Houn/Week  Heatirrg  System  <Hh>  . 

Hours/Week  at  WSP  <Hwsp>  — 
Hours/Week  Cooling  System  <Hc>  . 
Hours/Week  at  SSP  <Hssp> _ 


FAN  DATA 
Fvnfl»9n 
Supply  Air 
Return  Air 


PROPOSED  OPER.M1NG  SCHEDULE 
Hours/Week  Keating  System  <HhEMCS> 
Hours/Week  Cooling  System  <HcEMCS> 
Can  system  be  shut  down  when 

zone(s)  unoccupied?  (Y/N) _ 


MULTLZONE  DATA 


Percent  of  air  passing  through  Hot  Deck  <Phd>  Summer  Hot  Deck  Reset  <SHDR> 

Percent  r*  air  passing  through  Cold  Deck  cPcd>  .22.  Winter  Hot  Deck  Reset  <WHDR> 

riMratSryn  Hiial  rW«lr  yo  ^  efonB 


Operating  Hours/Week  Dual  Deck  <Hhe> 


Summer  Cold  Deck  Reset  <SCDR> 


MAX/MiN 

ZONE 

DATA 


<WSP> 
<LTL>  _ 

<OH> _ 

<DCST> 


<ss:’>  _ 

<WSPR> 
<SSPR> . 
<DLST>  . 


<WU> _ 

<Oh> _ 

<Dc> _ 

xPT> _ 


z 

0 

(p 


GROUP  3 


BUILDING  ^7 


SYSTEWI  2- 


System  Desc 
Location 


Zones  Served 

Total  Area  Served  <Az> 


System  EfRdency  <HSE>  Unit  Supplying  Heating  Energy — ( 

Reheat  Coll  Reset  <RHR> _ ZL _  Heating  Energy  Fuel  Source  — ^ 

Present  percent  of  OA  used  (dedmai)  <  POA>  —  Unit  Supplying  Cooling  Energy  — 

Erwrgy  Usad/Ton  Refrigeration  <CPT> _ _  Cooling  Energy  Fuel  Source  — 


CURRENT  OPERATING  SCHEDULE 
Houra/Week  Heating  System  <Hh>  . 

Hours/WeeIr  at  WSP  <Hwso>  __ 
Hours/Vfeek  Cooling  System  <Hc>  . 
Hours/Week  at  SSP  <Hsap> - 


FAN  DATA 
Function 
Supply  Air 
Return  Air 


<CPM> 

<HP> 

3 

ICfO 

5 

PROPOSED  OPERATING  SCHEDULE 
Hourv/Week  Heating  System  <HhEMCS> 
Hours/Week  Cooling  System  <HcEMCS> 
Can  system  be  shut  down  when 

zorte(s)  unoccupied?  (Y/N) _ _ 


AUX  DATA 
Function 


PUMP  DATA 

Function 

<HP> 

MULTI-ZONE  DATA 

Percent  of  air  passing  through  Hot  Deck  <Phd>  . 
Percent  of  air  passing  through  Cold  Deck  <Pcd> 
Operating  Hours/Week  Dual  Deck  <Hhc> _ 


Summer  Hot  Deck  Reset  <SHDR>  _ 

Winter  Hot  Deck  Reset  <WHDR^ _ 

Summer  Cold  Deck  i  eset  <SCDR> 


MAX/MIN 

ZONE 

DATA 


<WSP>  - 
<LTL>  _ 
<OH>  _ 
<DCST> 


<SSP>  _ 
<WSPR> 
<SSPR>  . 
<DLST>  . 


GROUP  3 


BUILDING 


^0  1 


SYSTEM  Hyi// 


Applicftbl*  Sytt*ms 


BUILDING 


C?o 


SYSTEM  C/-/  2- 


!  W.  Wat«r  Cooled  DX  Compressor 
I  X.  Air  Cooled  DX  Compressor 


V.  Air  Cooled  Chiller 
Z.  Water  Cooled  Chiller 


System  Desc 

‘  ^^5/  OlC 

Chiller  Type:  ([O^dntrifugal  (2)  Absorption 

(3)  Reciprocal  (4)  Saew  Comp 

Centrifugal  Chiller  Motor  HP  <CKP> _ - 

Centrifugal  Chiller  Motor  Efiicienc/  <CME> 

System  Availability  (dayt/year) .  /8£: 


Zones  Served . 


{-2'. 


/'S 


Energy  Used/Ton  Refrigeration  <CPT>  ...L.'.V _ 

Chiller  Capacity  (tons)  <TON>  _ _ 

Present  Condenser  Water  Temperature  <PCWT> 
is  the  condenser  fan  continuous  or  nyriing? 

■p 

Chiller  water  temperature  reset  <CWTR>  ■  ^ _ 


Efficiency  increase  when  changing  chillers  <CSEI> _ L _ 

Can  the  centrifugal  chiller  be  shut  down  for  demand  limiting?  (Y/N)  Y  For  what  %  time?  <SDT>__^:^ 
Can  the  centrifugal  chiller  capacity  be  stepped  down  for  demand  limiting?  (Y/N)  Y  By  what  %?  <SDC> 


CURRENT  OPERATING  SCHEDULE 
Hours/Week  Cooling  System  <Hc>  . 


PROPOSED  OPERATING  SCHEDULE 
Hours/Week  Cooling  System  <HcEMCS> 


GROUP  3 


BUILDING  {^O  7 


SYSTEM  LT~ 


Applla^  Systsms 


BUILDING 


SYSTEM  LT, 


GROUP  3  KlorHi 


_ Appiteabte  Systems 

y^(^XiORtlno  Control 


I 


PaO*. 


of 
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GROUP  3  fJarhh 


BUILDING 


Uo7 


4-4.8 


B 


4-4.10 


Factor  Summary 


Factor 


Calculated  Value 


ACWT 

-  75.(0 

•F 

ANCW 

days/ year 

AST 

-  7(0.*? 

•F 

AWT 

-  45.6" 

•F 

CFLH 

-  7CoO 

hrs/year 

HFLH 

- 

hrs/year 

WKH 

-  3l  J 

weeks/year 

WKC 

m  /6-  ^ 

weeks/year 

OAE 

-  37. 14 

Btu/lb 

P^T 

-  14-7 

% 

UoAo 

Btu/:ir»  ‘F 

I 

«  7S0 

cfm 

Af 

- 

ft* 

BTT 

«  t/.  loi 

Btu/hr  ‘  ft*  •  *  F 

6-2  CALCUXATIOKS. 

6-2.1  Climate  Factors.  See  example  calculations  in  Section  IV. 
Results  are  summarizei^  on  page  6-14. 

6-2.2  Building  Factors. 

From  page  6-3,  Heating  Fuel  Type  is  Natural  Gas 

From  calculation  on  page  6-5,  UoAo  «  5899.9  Btu/(hr«*F) 

From  page  6-4,  I  ■  750  cfm,  Af  *  33,000  ft* 

From  page  4-16, 


BTT  « 


33,000 


0.2033303  Btu/ (hr»ft» • 'F) 


6-2.3  System  1.  AHU  1.  Multi-zone  AHU. 

Data  from  page  6-8,  Climate  Factors,  and  Building  Factors. 
ANDW-264  AST«76.9  Afn>>43.5  AZ«28,000  B1 


ANDW-264 

CFM-300 

Hhc-80 

Pcd-0 . 5 

SCDR-4 

WKH-31.7 


AST-76.9 

CPT-1.5 

HhEMCS-63 

Phd-0.5 

SHDR-4 

WSP-68 


ANT-43.5 

Hc-80 

HP-8 

POA-0.2 

SSP-75 

WU-2 


HcEMCS=63 
LTI^55 
PRT-14 7 
WKDR-4 


System  may  be  shut  down  when  building  unoccupied. 
Using  defaults  RAE-29.91  and  L-0.80 

Scheduled  Stairt/Stop  Strategy 

1.  Heat  loss/gain  through  the  structure 


Heating  savings  (MBtu/yr) : 


BTT-0.203 
Hh-80 
OAE-32.14 
PT-15 
WKC-15 . 1 


HSE  X  10* 


0.6  X  10* 


66.37 


Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kw/ton) : 


12,000 


-  346.5 


12,000 
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2.  Heat  loss/gain  through  ventilation  air 
Heating  savings  (MBtu/yr) : 

fiBl,3L-m.x...L96-X  (WSf-AVT,)-X 

HSE  X  10* 

21J.  «  1.43 

Cooling  savings  with  electrically  driven  chiller 
(kWh/yr  with  CPT  in  kw/ton) : 

era  X  POA  X  4.5  X  (OAE-RAE)  x  (Hc-HcE!4CS^  x  WKC  x  CFT 

12,000 

300  X  0.2_x  4^JX  ^2.14  -  29.91>  x  (80  -  63)  x  IS.l  x  1.5  -  19.3 

12,000 

3.  Axuciliary  equipment  operation 
Heating  auxiliary  savings  (kWh/yr) : 

HP  X  L  X  0.746  X  (Hh-HhEMCS)  x  WKH  x  (1-PRT) 

8  X  0.8  X  0.746  X  (80  -  63)  x  31.7  x  (1  -  .147)  -  2194.7 
Cooling  auxiliary  savings  (kWh/yr) : 

HP  X  L  X  0.746  X  (Hc-HcEMCS)  x  WKC 
8  X  0.8  x  0.746  X  (80  -  63)  x  15.1  -  1225.6 
Total  savings  for  Scheduled  Start/Stop: 

MBtu/yr  «  66.37  +  1.43  +  -  67.80 

kWh/yr  *  346.5  +  19.3  +  2194.7  +  1225.6  »■  3786.1 

Note:  These  numbers  will  differ  slightly  from  the  ESA  program 
output  due  to  rounding. 


▼•ntllatlon  and  RaoirculatHon 

Haating  savings  (NBtu/yr)  « 

CFMjacTQA  x  1.08  x  (WSP-AWT>  x  ANDW  x  rWU-(PT/feO)l 

HSE  X  10* 


300  X  0.2  X  1.08  X  (68  -  43.5>  x  264  x  f2  -  (15/60)1  -  1.222 

0.6  X  10* 

Rot  Daok/Cold  Daok  Taaparaturs  Reset 

Heating  savings  (MBtu/yr)  « 

CgM  X  Phd  X  1.08  X  Hhc  X  tnjKC  x  SHDR)  +  (WKH  x  WHDR^  i 

HSE  X  10* 


4.044 


The  following  equation  assumes  that  a  1*F  change  in  cold  deck 
temperature  .is  equivalent  to  a  C.6  Btu/lb  change  in  enthalpy. 

Cooling  savings  with  electrically  driven  chiller,  no  economizer 
(kWh/yr  with  CPT  in  kW/ton) j 

CEMjx_gcd  x  4.5  X  Hhc_x  W14C  x  SCPR  x^O,  6  ^  _CPT 

12,000 

3Q0  X  0.5  X  4.5  x  80  x  15.1  x  4  x  0.6  x  1.5  -  245 

12,000 

Refer  to  the  ESA  program  detailed  output  for  sav.ings  results  from 
additional  systems. 
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i  QROUP  3 


£.-4 . 1 


5-4.4 


5-4.8 


5-4.10 


5-4.11 


5-4.13 


5-4.14 


5-4.15 


5-4.16 


System  Savings  Summary 


Strategy 


Denand  LlnltJ.n 


Day/Nlght  Setback 


Oh  Pry  Bulb  Economizer 

Ventilation  and 
Recirculation 


5-4 . 18 


Type 


Notes  - 


Hot  Deck/ Cold  Deck 
Temperature  Reset 


Reheat  Coil  Reset 


Boiler  Selection 


Hot  Water  Outside 
Air  Reset 


Chiller  Selection 


Chiller  Water 
Temperature  Reset 


Condenser  Vtater 
Temperature  Reset 


Chiller  Demand  Limit 


Lighting  Control 


Run  Time  Recordin 


Safety  Alarm 


MBtu  SuJ:-  Total 


/fiZ$ 

iSM  Appendix  A} 


TOTALS 


cS//r- 


^,03! 

kWh/yr 


Mh/yr 


EMCS  Ajirtual  Energy  S&vlngs  Detailed  Report 


Base:  3-NORlli[ 

Building:  607 
Case:  1 

Deecription:  Section  6  Example  Calculation 


Fuel  Type:  Natural 
Heating  Value:  1,02S 

gas  (methane) 
Btu/cf 

Caution 

- 

The  ESA  program  makes  no  attempt  to 
It  is  the  user's  responsibility  to 

exclude  incompatible 
select  all  appropriate 

strategies .  I 

strategies . 

Note 

scheduled  start/stop  and  day/night  setback  strategies  are  affected 
by  the  following  data  values: 

Xf  PRT  is  zero,  then  AWl-  will  be  used  in  place  ot  LTL. 

If  >  LTL,  then  AWT  will  be  used  in  place  of  LTL. 

If  ’WSPR  >  WSP-LTL,  then  WSP-LTL  Will  be  used  in  place  of  WSPR. 

If  SSPR  >  AST-SSP,  then  AST'-SSP  will  be  used  in  place  of  SSFR. 


Building  Data  Table 


i  Variable  Description  Symbol 

Value 

Units 

Mod  Comb  Thermal  Transmittance  UoAo 

5,699.9 

Btu/hr*F 

Total  Air  Infiltration  I 

750 

cfm 

Gross  Floor  Area  A£ 

33,000 

sq  ft 

1  Building  Thermal  Transmission  BTT 

0.203 

Btu/hr*sq  ft*F 

Climate  Data  Table  for  HO,  Springfield  HAP 

(9-16) 

Variable  Description 

Symbol 

-  — — .  ■-  [ 

Value  Units  j 

Avg  Entering  Condenser  Water  Temperature 

ACWT 

75.6 

1 

degrees  F 

Annual  Number  of  Days  for  Morning  Warmup 

ANDW 

t64 

days/year 

Average  Summer  Temperature 

AST 

76.9 

degrees  F 

Average  winter  Temperature 

AWT 

43.5 

degrees  F 

Cooling  Full “Load  Hours 

CFLH 

760 

hours/year 

Heating  Full-Load  Hours 

HPLH 

325 

honrs/year 

Weeks  of  cooling 

WKC 

15.1 

weeks/year 

Weeks  of  Heating 

WKH 

31.7 

weeks/year 

Average  Outside  Air  Enthalpy 

OAE 

32.  H 

Dtu/lb 

Percent  Run  Time 

PRT 

14 .7 

percent 

■  —  ■  II 

6“19 


Input  Data  Tabla  for  Single  Zona  Miu 


System  Dctscription:  AHU  2  -  Bowden  component  unit  on  S  roof 

— 

Variable  Description 

Symbol 

Value 

Area  of  zone 

Az 

5 , 000 

sq  ft 

winter  thernostat  setpoint,  occupied 

ws? 

68.0 

degrees  F 

Lov  tanperatuire  limit 

LTD 

55,0 

degrees  F 

Heating  operation  without  EKCS 

Hh 

30 

hours/week 

Heating  operation  with  EHCS 

HhEKCS 

35 

hours/week 

Heating  system  efficiency 

HSE 

0.70 

decimal 

Summer  thermostat  setpoint,  occupied 

SSP 

70,0 

degrees  F 

Return  air  enthalpy  vhi^ja  unoccupied 

FJXE 

29.91 

Btu/lb 

Cooling  operation  without  EHCS 

He 

80 

hours/week 

Cooling  operation  with  EMCS 

KcEMCS 

35 

hours/week 

Cooling  energy  consTomption  per  ton 

CPT 

1,5 

kw/ten 

Supply  air  capacity 

CFN 

200 

ofn\ 

Present  fraction  of  outside  air  used 

POA 

0.10 

decimal 

Equipment  motor  horsepower 

HP 

5.00 

hp 

Equipment  motor  load  factor 

L 

0,80 

decimal 

Zone  occupied  hours 

OH 

30 

hours/ week 

Duty  cycling  shutdcvm.  time 

DCST 

25.0 

percent 

Demand  limiting  shed  time 

DLST 

25.0 

percent 

Winter  thermostat  setpoint  reset 

WSPR 

10.0 

degrees  F 

Winter  setpoint  equipment  operation 

Hwsp 

80 

hours/week 

Summer  ti^ermostat  setpoint  reset 

SSPR 

0,0 

degrees  F 

Siimmer  setpoint  equipment  operation 

Hssp 

80 

hours/week 

Shutdown  system  when  bldg  unoccupied? 

Y 

Y  or  N 

Present  warmup  time  before  occupancy 

WD 

1.0 

hours/ day 

Heating  equipment  operating  schedule 

Dh 

5 

davs/week 

Cooling  equipment  operating  schedule 

DC 

5 

days/week  j 

Purge  time  before  occupancy 

PT 

15.0 

minutes  1 

Optimum  start/stop  heating  savings 

0.0 

MBtu  1 

Optimum  start/stop  htg-vent  savings 

0.0 

MStu  1 

Optimxim  start/stop  htg  aux  savings 

0.0 

kWh  i 

optimum  start/stop  cooling  savings 

0.0 

1 

Optimum  start/stop  clg-vent  savings 

0.0 

kWh  ' 

optimxun  start/stop  clg  savings 

0.0 

kWh  1 

Economizer  cooling  savings 

0,0 

kWh  i 

Scheduled  start/stop  labor  savings 

0 

mh 

Optlmiom  start/stop  labor  savings 

0 

mh  j 

Duty  cycling  labor  savings 

0 

mh  j 

Demand  limiting  labor  savings 

0 

mh 

Day/night  setback  labor  savings 

0 

mh 

Economizer  labor  savings 

0 

mh 

Vent/recirc  labor  savings 

0 

mh 

run  time  recording  labor  savings 

mh 

Safety  alarm  labor  savings 

2 

mh 
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iVnnual  fir«er^'  Savings  Tabl«  for  single  Zone  Al.(rj 


j  Description:  AHU  2  •  Bowden  component 

unit  on  S  roof 

piptrategy 

MBtu/yr 

kWh/yr 

kW 

jsh/yr 

Scheduled  Start/Stop 

28.012 

7,  <03 

0.0 

0 

Duty  Cycling 

0.000 

1,397 

0.0 

0 

Demand  Limiting 

0.000 

0 

0.9 

0 

Subtotals 

28.012 

8,800 

0.9 

0 

Heating  Value  + 

1,025 

Btu/cf 

Totals 

27,328 

8,800 

0.9 

0 

II  1 

cf/yr 

kWh/yr 

kW 

mh/yr  j 

Input  Data  Table  for  Multi-zone  AHU 
System  Description:  AHU  1  -  Carrier  package  unit  on  NW  roof 


Variable  Description 


Area  of  zone 

Winter  thermostat  setpoint «  occupied 

Low  temperature  limit 
Heating  operation  without  £MCS 
Heating  operation  with  EMCS 
Heating  system  efficiency 
Summer  thermostat  setpoint,  occupied 
Return  air  enthalpy  when  unoccupied 
Cooling  operation  without  SMCS 
Cooling  operation  with  EMCS 
Cooling  energy  consumption  per  ton 

Supply  air  capacity 
Present  fraction  of  outside  air  used 
Equipment  motor  horsepower 
Equipment  motor  load  factor 
Zone  occtipied  hours 
Duty  cycling  shutdown  time 
Demand  limitincj  shed  time 
Winter  thermostat  setpoint  reset 
Winter  setpoint  vsqx^ipment  operation 
Summer  thermostat  setpoint  reset 
Summer  setpoint  equipment  voperation 
Shutdown  system  when  bldg  unoccupied? 
Present  warmup  time  before  occupancy 
Heating  equipment  operating  schedule 
Cooling  equipment  operating  schedule 
Purge  time  before  occupancy 
Fraction  of  total  air  thru  hot  deck 
Kot/cold  deck  equipment  operation 
Summer  hot  deck  reset 
Winter  hot  deck  reset 
Fraction  of  total  air  thru  cold  deck 


Symbol 

Value 

Units 

Az 

28,000 

sq  ft 

WSP 

68.0 

degrees  F 

LTL 

55.0 

degrees  F 

Kh 

80 

hours/week 

KnEMCS 

63 

hours/week 

HSE 

0.60 

decimal 

SSP 

75.0 

degrees  F 

RAE 

29.91 

Btu/lb 

He 

80 

hours/week 

EcSMCS 

63 

hours /week 

CPT 

1.5 

kW/to’n 

CFM 

300 

.  cfm 

POA 

0.20 

decimal 

HP 

8.00 

hp 

L 

0.80 

decimal 

OH 

45 

hours/week 

DOST 

25.0 

percent 

Di;sT 

25.0 

percent 

WSPR 

0.0 

degrees  F 

Hwsp 

BC 

hours/week 

SSPR 

0.0 

degrees  F 

Hssp 

BO 

hours/week 

Y 

Y  or  N 

WU 

2.0 

hours/ day 

Dh 

6 

days/week 

Dc 

6 

days/'week 

PT 

15.0 

minutes 

Phd 

0,50 

decimal 

Khc 

80 

hours/week 

SHDR 

4.0 

degrees  F 

WHDR 

4.0 

degrees!  F 

Ped 

0.5C 

decimal 
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Sujim«r  cold  dock  rosot 
Optlmam  otart/stop  boating  savlng^i 
Optimvia  stax'^t/Btop  htg-vant  savings 
Optixaua  i££tart/stop  htg  aux  savings 
Optimum  start/ stop  cooling  savings 
Optimum  start/stop  clg»vont  savings 
Optimum  start/stop  clg  aux  savings 
Economizor  cooling  savings 
Scboduled  start/stop  labor  savings 
Optimum  start/stop  labor  savings 
Out^’  cycling  labor  savings 
Domand  limiting  labor  savings 
Day/night  setback  labor  savings 
Economizor  labor  savings 
Vont/rocirc  labor  savings 
Hot  dock/cold  dock  labor  savings 
Run  time  rocording  labor  savings 
Safety  alarm  labor  savings 


SCOR 


4.0 

degrees  F 

0.0 

!4Btu 

0.0 

MBtu 

0.0 

kWh 

0.0 

kWh 

0.0 

kWh 

0.0 

kWh 

0.0 

kWh 

0 

mh 

0 

mh 

0 

mh 

0 

mh 

0 

mhA 

0 

mh 

0 

mh 

0 

mh 

2 

mh 

2 

mh 

« 


Annual  Energy  Savings  Table  for  Multi^zone  AHU 


Description:  AHU  1  -  Carrier  package  unit  on 

NW  roof 

Strategy 

MBtu/yr 

kWh/yr 

kW 

lah/yr 

Scheduled  Start/Stop 

67.901 

3,787 

0,0 

0 

Vent/Recirculation 

1.27.2 

0 

0.0 

0 

Hot/Cold  Deck  Reset 

4.044 

245 

0.0 

0 

Subtotals 

73.167 

4,031 

0.0 

Heating  Value  + 

1,025  Btu/cf 

Totals 

71,383 

4,031 

0.0 

0 

cf/yr 

kWh/yr  . 

kW 

mh/yr 

Input  Data  Table  for  Hot  Water  Boiler 


System  Description:  IfW  1  ~  McGee  IK  unit/bldg 

300 

Variable  Description 

Symbol 

Value 

Units 

Heating  system  efficiency 

HSE 

0.60 

decimal 

Total  input  rating  of  boilers 

CAP 

12,500 

Btu/hr 

Boiler  conversion  efficiency  increase 

BCEI 

1.0 

perc  ^<nt 

Keating  system  efficiency  increase 

OAEl 

3.0 

percent 

HW  boiler  selection  labor  savings 

0 

mh 

HW  outside  air  reset  labor  savings 
Run  time  recording  labor  savings 

0 

mh 

2 

mh 

Safety  alarm  labor  savings 

2 

mh 

Annual  Energy  Savings  Table  for  Hot  Hater  Boiler 


Description:  HH  1  -  McGee  IK  unit/bldg  300 


tratecjy 


MBtu/yr 


kWh/yj 


kW  mh/yr 


HH  Boiler  Selection 
Hot  Water  OA  Reset 
Rvm  Tine  Reco:t'dlng 
Safety  Alarm 

Subtotals 
Heating  Value  + 


0.109 

C-328 

0.000 

0.000 


0.438 

1,025  BtU/cf 


0 

0 

0 

0 


0.0 

0.0 

0.0 

0,0 

0.0 


c 

0 

2 

2 


Totals 


427 

cf/yr 


0 

kWh/yr 


0.0  4 

kW  mh/yr 


Input  Data  Table  for  Water  Cooled  Chiller 


System  Description:  CH  2  •*  Old  Peterson  unit/  E  end  of  bldg  607 


Variable  Description 

Symbol 

Value 

Units 

Cooling  energy  consumption  per  ton 

CPT 

1.7 

kW/ton 

Total  capacity  of  chillers 

TON 

45 

tons 

Chiller  selection  efficiency  increase 

eSEI 

1.0 

percent 

Chiller  water  temperature  reset 

CWTR 

2.0 

degrees  F 

Chiller  type 

1 

choice  list 

1  Present  condenser  water  temperature 

PCWT 

83.0 

degrees  F 

w  Present  fan  operation 

0 

choice  list 

Ce.’itrifugal  chiller  motor  horsepower 

CHP 

60.00 

hp 

Centrifugal  chiller  motor  efficiency 

CME 

0.85 

decimal 

Step  down  percent  of  capacity 

SDC 

20.0 

percent 

Seep  down  percent  of  time 

SDT 

25.0 

percent 

Chiller  selection  labor  savings 

0 

mh 

Chiller  water  reset  labor  savings 

0 

mh 

Condenser  water  reset  labor  savings 

0 

mb 

Chiller  demand  limit  labor  savings 

0 

mh 

Run  time  recording  labor  savings 

2 

mh 

Safety  alarm  labor  savings 

2 

mh 
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.Kimual  Energy  savings  TabXti  for  Wa'car  Cooled  Chiller 


Description:  CH  2  -  Old  Peterson  unit/ 

E  end  of  bldg  607 

- 1 

Strategy 

MBtu/yr 

kWh/yr 

K'W 

Ah/yafl 

III  1  1 

Chiller  Selection 

0.000 

531 

0.0 

0 

Chiller  Water  Reset 

0.000 

1,S>77 

0.0 

0 

Condenser  Water  Reset 

0.000 

5,134 

o.c 

0 

Chiller  Demand  Limit 

0.000 

0 

1.9 

0 

Run  Time  Recording 

0.000 

0 

0.0 

2 

Totals 

0.000 

7,692 

1.9 

2 

MBtu/yr 

kV<fh/yr 

kw 

mh/yr 

Input  Data  Table  for  Lighting  Control 

System  Description:  LT  2  -  LT:i 

1 

Variable  Description 

Symbol  Valua 

Units  1 

Total  power  consumpticn  of  lights 

TCI  15 

kw 

Lighting  operation  without  EMCS 

HI  80 

hours/week 

Lighting  operation  with  flHCS 

HIEMCS  32 

houra/weak 

Lighting  control  labor 

savings 

0 

Ah 

Run  time  recording  labor 

savings 

2 

mh 

Safety  alarm  labor  savings 

2 

Ah 

Annual  Energy  sav ings . Table  for  Lighting 

Control 

Description:  LT  2  -  LT2 

BBd 

Strategy  MBtu/yr 

kWh/yr 

kw  mh/yr 

Lighting  Control  0 . 000 

37,440 

MBmm 

Totals  0.000 

MBtu/yr 

37,440 

kWh/yr 

-  ^ 
0.0  0 
kW  mh/yr 

Input  Data  Table  for  Lighting  Control 


System  Description:  LT  1  -  TTl 

Variable  Description 

Symbol 

Value 

Units 

Total  power  consumption  of  lights 

TCI 

84 

kW 

Lighting  operation  without  EMCS 

HI 

80 

hours/week 

Lighting  operation  with  EMCS 

HIEMCS 

55 

hours/week 

Lighting  control  labor  savings 

0 

mh 

Run  time  recording  labor  savings 

2 

nh 

Safety  alarm  labor  savings 

2 

mh 

1 
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Annual  Enargy  savings  Tabls  for  Lighting  Control 


Dsacription:  LT  1  ->  LTl 

l^tratagy 

MBtu/yr 

kWh/yr 

kW  mh/yr 

Lighting  Control 

0.000 

109,200 

0.0  0 

Totals 

0.000 

MBtu/yr 

109,200 

kWh/yr 

0.0  0 
kW  mh/yr 

EMCS  Annual  Energy  Savings  for  Building  607 

Description 

Value 

Units 

Natural  gas  (methane) 
Electrical  Energy 
Electrical  Demand  Reduction 
Labor  Savings 

99,138 

167,163 

2.8 

6 

cf/yr 

kWh/yr 

kW 

mh/yr 

Appendix  A.  DEFZSlflTIONS  OF  VARIABLES 

ACWT  ««  Averaga  antaring  condansar  watar  tamperatura  in  'F.  ACWT  is 
celculatad  during  normal  operating  time  parted  of  osoc-ieoo 
for  tamperaturu  rangas  above  55 *F. 

AEI  »  Adjusted  afficianoy  increase  (decimal)  of  the  condtmser  water 
raret. 

Af  •  Enter  the  building's  gross  floor  area  in  ft*  . 

ANDW  Annual  number  of  days  regui7ring  morning  warmup.  ANDW  is 
calculated  during  normal  start-up  time  period  of  0100  to  0800 
for  temperature  ranges  below  55 *F.  ANDH  is  limited  by  boiler 
availability;  use  the  lesser  of  ANDW,  scheduled  days  of 
boiler  operation,  or  WKK  x  7  days  per  week. 

AST  *•  Average  summer  temperature  in  *F.  AST  is  calculated  during 
normal  off-time  periods  of  0100-0800  and  1700-2400  for 
temperature  ranges  above  75 *F. 

AWT  •  Average  winter  temperature  in  *F.  AWT  is  calculated  during 
24  hour  time  period  for  temperature  ranges  below  65 *F. 

Az  •  Area  of  the  zone  being  serviced  by  this  system  in  ft*  . 

BCEI  *■  Percent  efficiency  increase  when  changing  from  one 
boiler/converter  to  another.  Use  actual  data  or  typical 
value  of  1.0. 

BTT  «  Building  thermal  transmission  factor  in  B'cu/hr» ft*  • ’F. 

Ci^P  ■  Total  input  rating  of  boilers/ converters  in  Btu/hr. 

CFLH  »  Annual  equivalent  full-load  hours  for  cooling  in  hours  per 
year.  CFLH  is  calculated  during  0900  to  1600  time  period  for 
temperature  ranges  eq[ual  to  or  above  65 *F.  CFU!:  is  limited 
by  chiller  availability;  use  scheduled  days  of  chiller 
operation  if  loss  than  CFLH. 

CFM  «  AHU  capacity  in  cfm.  Use,  in  order  of  preference, 
manufacturer's  name  plate  data,  as-built  mechanical  plans, 
catalog  data,  or  a  cfm  value  equal  to  the  square  feet  of  the 
area  being  served  (Az) . 

CHP  »  Centrifugal  chiller  motor  horsepower. 

CME  *  Centrifugal  chiller  motor  efficiency. 
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CPT  - 


CSEI  - 

CWTR  « 

DC 

DCST  - 

Dh 

DLST  « 

He 

HCEMCS- 

HFM  » 


Energy  consumption  per  ton  of  refrigeration  in  kW/ton 
(electrical)  or  lb/ton*-hr  (steam) .  Use  nameplate  data,  value 
from  manufacturer's  catalog,  typical  values  listed  below,  or 
approximate  electrical  power  inputs  for  compressors  listed  in 
the  latest  ASHRAE  Handbook — Equipment.  Table  2,  page  12.7, 
of  the  ASHRAE  1983  Handbook — Equipment  is  reproduced  in 
Appendix  C  of  the  EMCS  Savings  Manual.  To  convert  tons/hp  to 
kW/ton, 

kW/ton  ■  (0.746  kW/hp)/(l/xx  tons/hp) 

Typical  values  for  electrically-driven  units: 

Air  Cooled  DX  unit  (old)  «  1.5  kW/ton 

Air  Cooled  DX  unit  (new)  *  1.3  kW/ton 

Chiller  w/o  pximp  (old)  «  o.8  kW/ton 

Chiller  w/o  pump  (new)  «  0.7  kW/ton 

Typical  values  for  steam-driven  refrigeration  machines: 

Steam  absorption  machine  «  18  Ib/ton-hr 
Steam  turbine  driven  machine  40  Ib/ton-hr 

CPT  will  be  the  same  for  all  air  handling  systems  using 
chilled  water  from  the  szune  central  chiller.  Direct 
expansion  units  or  package  units  will  be  exceptions. 

The  percent  efficiency  increase  due  to  the  EMCS  selecting  a 
more  efficient  chiller. 

Chiller  water  temperature  reset  in  ’F.  The  value  generally 
ranges  between  2*  and  5*F. 

Present  days  per  week  of  cooling  ec[uipment  operation. 

The  amount  of  time,  in  percent,  that  the  system  can  be  shut 
down  for  duty  cycling. 

Present  days  per  week  of  heating  equipment  operation. 

The  amount  of  time,  in  percent,  that  the  system  can  be  shut 
down  for  demand  limiting. 

Present  hours  of  cooling  equipment  operatioh  per  week. 

Proposed  hours  of  cooling  equipment  operation  per  week  with 
EMCS. 

Annual  equivalent  full-load  hours  for  heating  in  hours  per 
year.  HFUl  is  calculated  during  0900-1600  time  period  for 
temperature  ranges  below  65 ‘F.  HFLH  is  limited  by  boiler 
availability;  use  scheduled  days  of  boiler  operation  if  less 
than  HFLH. 
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hours  of  heahlng  equipment  operation  per  week. 
Include  warmup  (WJ)  tine. 


Hhc  Hours  of  operation  per  week  for  the  hot  deck/cold  deck.  Use 
actual  data  or  occupied  hours  (OH)  plus  one  hour  per  occupied 
day. 

HhEMCS*  Proposed  hours  of  heating  equipment  operation  per  week  with 
£MCS<.  Include  warmup  (t4U)  time. 

a  Present  hours  of  lighting  equipment  operation  per  week.  Use 
actual  hours  of  operation  or  hours  of  occupancy. 

E^EHCS*  Proposed  hours  of  lighting  equipment  operation  per  week  with 
EKCS. 

HP  »  Total  motor  horsepower  for  all  fans,  cooling,  and  heating 
pumps  associated  with  this  system.  EXCEPTION:  For  packaged 
units  such  as  Air  Cooled  Chillers  and  Air  Cooled  DX  units, 
include  HP  as  a  component  of  the  CPT  factor. 

If  horsepower  is  not  listed  on  the  motor  name  plate  it  may  be 
calculated  as  follows: 

Design  HP  «  V  .X  A  X  .X 

1000  watts/kW 

where,  V  «  voltage,  A  »  full  load  or  rated  amperage, 
^  «  ntrsber  of  phases,  pf  power  factor  (use  actual  data  or 
typical  value  of  0.90) 

For  motors  25  hp  or  greater,  it  is  prefejrable  to  measure  the 
electrical  consumption.  Use  total  system  HP  for  auxiliary 
equipment  applications  if  required. 

HSE  Heating  system  efficiency.  Use  manufacturer's  data  or  the 
following  average  values: 

oil  or  gas  fired  boiler  and 
hot  water  heating  system  0. 6-0.7 

Coal  fired  boilers  0.6 

Electrical  resistance  duct  heaters  1.0 

All  systems  -  Use  actual  data  for  heat  exchanger  efficiency 
(HEE) ,  boiler  efficiency  (BE) ,  and  distribution  efficiency 
(DE)  or  use  typical  values  of  HEE  »  0.90,  DE  O.SQ. 
Calculate  overall  efficiency  as  follows: 

HSE  -  HEE  (if  any)  x  BE  x  DE 

Hssp  »  The  time,  in  hours  per  week,  during  which  the  system  is 
operated  at  the  SSP. 
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HV 


K«ating  value  of  fuel,  use  actual  data  or  the  following 
average  values: 


Electricity  (at  the  meter) 

Electricity  (at  point  of  generation) 
Fuel  oil,  distillate  #2 
Fuel  oil,  residual  #6 
Natural  gas  (methane) 

Propane,  gas^*^ 

Propane,  liquid^*^ 

Bituminous  coal^*^  26,260, 

Steam  (at  point  of  consximption) 

Steam  (at  point  of  generation) 


1413  Btu/kWh 
11,600  Btu/kWh 

138.690  Btu/gallon 

149.690  Btu/gallon 
1,025  Btu/cf 

2500  Btu/cf 
91,500  Btu/gallon 
000  Bta/short  ton 
1000  Btu/lb 
1390  Btu/lb 


Hwsp  ««  The  time,  in  hours  per  week,  during  v;hich  the  system  is 
operated  at  the  WSP. 

I  “  Total  air  infiltration  for  the  building  in  cfro.  This  value 
may  be  calculated  using  methods  discussed  in  Chapter  23  of 
the  ASiiBkE  Handbook— Fundamentals . 


Load  factor  for  the  motor (s) .  Use  actual  data  or  typical 
value  of  0.80. 


LTL  *  Low  temperature  limit  in  *F.  LTL  is  the  lowest  allowable 
temperature  for  the  zone.  Use  AWT  in  place  of  LTL  if 
AWT  >  LTL.  If  no  LTL  is  desired,  use  AWT  in  place  of  LTL 
and  set  PRT*0. 


OAE  *  Average  outside  air  enthalpy  in  Btu/lb.  OAE  is  calculated 
during  the  normally  unoccupied  time  periods  of  0100-0800 
and  1700-2400  for  dry  bulb  tempervatures  above  75 ‘F. 

OAEI  «  Percent  efficiency  increase  in  the  heating  system. 

Increased  outside  air  temperature  will  reduce  demand  thus 
allowing  water/ steam  temper.ature  to  be  decreased  resulting 
in  decreased  system  losses.  Use  actual  data  or  typical 
value  of  1.0. 


OH  »  Zone  occupied  hours  per  week,. 

Pcd  *  The  poixion  (decimal)  of  total  air  passing  through  the  cold 
deck.  Use  actual  data  or  typical  value  of  0.50. 

PCWT  *  Present  condenser  water  temperature  in  ’F. 

PEI  -  Percent  efficiency  increase  of  the  chiller. 

Phd  *  The  portion  (decimal)  of  total  air  passing  through  the  hot 
deck.  Use  actual  data  or  typical  value  of  0.50. 

POA  »  Decimal  fraction  of  outside  air  which  is  inducted  into  the 
system. 
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PRT  « 

PT 

PWR  - 
RAE  » 

RCmf  « 
HEI  » 

RHR  » 

SCDR  « 

SDC  ■ 

SDDDBT- 

SDT  - 

SHDR  » 


Pan  percent  run  time  to  maintain  55*  Lox;  Temperature  Limit 
(LTL) .  The  percent  run  time  is  the  percentage  of  scheduled 
off  time  during  unoccupied  periods  when  the  fans  and  pumps 
must  come  bacX  on  in  order  to  maintain  a  55 'F  low 
temperature  limit.  Use  the  actual  equipment  schedule  if 
available.  If  no  LTL  is  desired,  set  PRT«0. 


The  outside  air  purge  time,  in  minutes,  which  is  required 
prior  to  occupancy  for  a  system  which  has  been  shut  down  by 
tlie  scheduled  start/stop  strategy. 

Kilowatt  power  rating  for  electric  beating  devices. 

Return  air  enthalpy  during  unoccupied  hours.  Use  29.91 
Btu/lb  for  73 ’P  and  50%  humidity.  For  othevr  corsditions 
obtain  value  from  psychrcwetric  chart  C) . 


Potentia'^  reduction  in  condenser  water  ^;tiwperature  in  *F, 


Kate  of  efficiency  increase  per  *F  iv,  crease  in  chilled 
water  temperature.  Typical  valuoe*  e; 


Screw  compressor  machine  .024  per  *F 
centrifugal  machine  .017  per  'F 
Reciprocal  machine  .012  per  ‘F 
Absorption  machine  .006  per  *F 


Reheat  system  cooling  coil  discharge  reset  in  ‘F.  Typical 
increment  3*P«  Kaximum  value  typically  6*F. 


Summer  cold  deck  reset  in  *F*  The  average  reset  that  will 
result  from  this  function  is  depejrtdent  upon  the  air  handler 
capacity  relative  to  loads  in  the  space  that  it  serves. 

A  typical  increment  is  4*F<. 


The  percent  of  maximum  cooling  capacity  that  the 
centrifugal  chiller  can  be  stepped  down  for  demand 
limiting. 


Summer  design  data  2.5%  dry  bulb  temperature  in  *F.  This 
is  the  dry  bulb  temperature  which  was  equaled  or  exceeded 
2.5  %  of  the  time,  on  average,  during  the  warmest 
4  consecutive  months  (standardized  as  June,  July,  August, 
September) . 

The  amount  of  time,  in  percent,  that  the  centrifugal 
chiller  can  be  shut  down  for  demand  limiting. 

Summer  hot  deck  reset  in  •?.  The  average  reset  that  will 
result  from  this  function  is  dependent  upon  the  air  handler 
capacity  relative  to  loads  in  the  space  that  it  serves. 

A  typical  Increment  is  4*F. 
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SSP 


SSPR  » 

TCj  * 

TON  * 

U  « 

UoAo  « 

KDODBT** 

WKDR  » 

WKC  ® 

K-KH  « 

WSP  * 

W3PR  - 


Suoraer  th«nao&tat  setpoini:  for  occupied  periods  in  *F. 
Typical  value  75 'F. 

Sumsser  setpoint  reset  is  the  minber  of  'F  that  the 
thanaostat  is  raised  during  cooling  season  unoccvipied 
periods..  SSPR  S  (litST-SSF)  ,  SSPR  is  used  (infrequently) 
for  the  hay/Night  Setback  strategy. 

The  total  JcW  power  consuwiption  of  lights  in  ?;one. 

Chiller  capacity  in  tons  of  refrigeration. 

Thermal  transmittance  factor  for  specific  exterior  surfaces 
in  Btu/hr»ft* • *F. 

Modified  Combined  Thermal  Transmittance  Factor.  This 
modified  combined  U  factor  is  for  all  exterior  surfaces 
(walls ;  windows,  doors,  roof)  and  may  be  calculated  using 
methods  discussed  below  and  in  Chapter  22  of  the  ASKRAE 
Handbook— ‘Fundamentals  (ref  Appendix  C)  . 

Repeat  tiie  U  x  A  calculation  for  each  different  type  of 
wall,  window,  door,  or  roofing  material. 

UoAo  »  (U  wall  X  A  wall)  +  (U  window  x  A  window) 

+  (U  door  X  A  door)  +  (U  roof  x  A  roof) 

Viint&r  design  data  97.5%  dry  bulb  temperature  in  ’F.  This 
is  the  dry  bulb  temperature  which  was  equaled  or  exceeded 
97,5  %  of  the  time,  on  average,  during  the  coldest  3 
consecutive  months  (standardised  as  December,  January, 
February) . 

Winter  hot  deck  reset  in  VF.  The  average  reset  that  will 
result  from  this  function  is  dependent  upon  the  air  handler 
capacity  relative  to  loads  in  the  space  that  it  serves. 

A  tiq»ical  i.ncr ament  is  4*F. 

l^ength  of  cooling  season  in  weeks  per  year.  WKC  is 
calculated  using  all  annual  total  hours  above  55'  F. 

WKC  is  less  than  or  equal  to  chiller  operating  period. 

Length  of  heating  season  in  weeks  per  year.  WKK  is 
calculated  using  all  annual  total  hours  below  55®  F. 

WKK  is  less  than  or  equal  to  boiler  operating  period. 

WirAter  thermostat  setpoint  in  'F  for  the  zone  being 
serviced  by  this  system. 

The  number  of  ’F  that  the  thermostat  is  lowered  during 
heating  season  unoccupied  periods.  WSFR  is  less  than  or 
equal  to  the  ^5maller  value  of  (WSF-LTL)  or  (WSP-AWT)  .  WSPR 
is  used  for  the  Day/Night  Setback  strategy. 
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Presont  waraup  t:lne  bet'cre  occupancy  ir»  hours  per  day.  Use 
currently  schoduled  ‘tiiaa  or  2  hours  per  day. 


1.  Heating  values  for  these  materials  are  averages  based 
on  the  following  conditions: 

Dry  gas  at  60*F,  30**  Hg.,  Specific  volume  at  32 ’F. 
2S.92**  Hg, 

More  precise  data  may  be  used  if  available. 

2.  This  is  an  average  value  for  low,  medium,  and  high 
volatile  (A,  B,  C)  bituminous  coal. 

3.  Reference  1989  ASHR^B  Handbook — Fundamentals. 


Appendix  B.  CONSTANTS  and  COim-RSXON  FACTORS 


1.08  Btu/cfm«hr» ’F  »> 

nominal  air  den&ity  x  nominal  specific  heat  x  conversion  factor 
0.075  Ib/ft^  X  0 . ?4  Btu/lb«*y _ x _ 60  win/hr  

4.5  snin*ib/hr«ft^  «> 

nominal  air  density  x  conversion  factor 
_  0.075  Ih/ft.^  X _ 60  min/hr  _  _  _ 


12  p  000  Btu/hr  »  ton  of  refrigeration 


1000  Btu./lb  nominal  heat  content  of  steam  _ _ 

0.746  kW/hp _ _ _ _ _ _ 

Tons  of  cool ing  (chiller)  »  (GPM  x  delta  *F  inlet  to  outlet )  / 24 

Coixdenser  3PM  »  (Tons  of  chiller  capacity  x  30) /delta  ‘F  inlet  to 
outlet 


168  «  hours/vk 


52  «  wlcs/yr 
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Appendix  C.  ASKFAE  DATA  and  METHODfJIOGY 


Chapters  22  and  3!:S  in  this  section  are  reprinted  by  permission  of 
ASHBAE  from  the  19S3  ASHRAE  Kandbook—Fundamentals .  These  sections, 
including  handwritten  corrections,  were  received  from  ASHPAE  on 
March  11,  1992. 


Tlte  paychrometric  chert  and  “Table  2"  have  credits  as  noted. 
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CH^VPTER  22 

THERMAL  AND  WATER  VAPOR  TRANSMISSION  DATA 


Buildint  Eitvtiopes . . .  2:!.  I 

CaiadMing  OvuraU  Them-, a!  Rtststanets . . . . . 

Mtchanieai  and  Industrial  Systems  . . . .  22.15 

Calculating  fi tat  Flow  for  Bur  i»d  Pipelines  . .  22.21 


HIS  chapter  presents  thermal  and  water  vapor  transmission 
data  based  on  steadywfcue  or  equilibrium  conditioiu.  Chiqxer 
3  covers  heat  transfer  under  transient  or  changing  temperature 
conditions.  Chapter  20  discusses  selection  of  imulation  ir.'ateriais 
and  procedure?  for  determining  overall  thermal  resistances  by 
simpUnev'j  oietho^ls. 


BUn  JDING  ENVELOPES 

Thermal  Thtasmission  Data  for  Building  Components 

The  steady^taxe  thezmai  resistances  (R>v«Iues)  of  building  com* 
poneCiU  (walls,  fioors,  winuows,  roof  systems,  etc.)  can  be 
calculatul  from  the  thermal  prepeniss  of  ±e  materials  in  the  com¬ 
ponent;  or  the  heat  Row  through  the  assembled  component  cut 
be  measured  diteedy  ‘  vich  bbo.^uory  equipment  such  as  the  gtrard- 
ed  hot  box  or  the  esUbrated  hot  bm. 

'Otbles  1  through  6  list  thermal  values,  which  may  be  used  to 
calculate  thermal  ncsiiitances  of  building  \MdIs,  floors,  and  ceilings. 
Toe  values  shewn  in  the'^  tables  developed  under  tdezi  con¬ 

ditions.  In  praaicc,  ovemil  thermal,  performance  ctai  be  reduced 
significantly  by  such  factOi’s  as  impraper  installation  and 
shrinkage;  se^ng,  or  compression  of  the  insulation  (TVe  and  Des- 
rsrlais  1983,  TV«  1983. 1986). 

Most  values  in  these  tables  were  obtained  b>-  accepted  .AS  fM 
test  methods  described  in  A5r24  Stantbuds  C  1T7  and  C  318  for 
materials  and  ASIM  Standsjds  C  23fi  and  C  976  for  building 
etivelope  components.  Because  commercially  available  mamrials 
vary,  not  all  values  apply  to  spedfle  products.  Previous  editions 
of  the  handbook  can  be  coasuked  for  data  on  materials  no  longer 
nommeroial'iy  available; 

The  most  accurate  method  of  deic;minit:.ii;  the  overall  thermal 
resistance  for  a  combination  ofoutldinj;  Htuteriais  assembled  as 


TIm  pKjMTJlian  cf  ibU  chactet  aitisnni  u>  TC  i.4.  Thtmul  IiwiUtieti  Kid 
Msiicurt  Rittwdcrs. 


a  building  envelope  component  is  (c  test  a  represenrative  sample 
by  4  hot  box  methed.  However,  ail  combs.nat)ons  may  not  be  con- 
venientiy  or  econcrnicsilly  tested  in  this  manner.  For  many  simple 
constructions,  caiiniiated  R-values  agree  reBS«>nably  well  with 
values  determined  by  hot  box  measurement. 

The  performance  of  materials  bbricuid  in  the  field  is  especially 
subject  to  the  quality  of  workmanslup  during  construction  and 
insulladon.  Gt^  workmanship  becomes  increasingly  important 
as  the  insulation  requirement  becomes  greater.  Tlrerefore,  some 
engineers  inciude  additioiwl  imulation  or  other  safety  factors 
based  on  e.xperience  in  their  design. 

Figurr  1  shows  how  convection  affects  surface  conductance  of 
sevcf^  materiak.  Other  tests  on  sntooth  surfaces  show  the  avemge 
value  of  the  txinvection  pan  of  conductance  decreases  as  idie  length 
of  the  surface  increases. 

Vapor  retarders,  outlined  in  Qiapters  20  and  21,  require  special 
attention.  Moisture  from  condensation  or  other  sources  may 
reduce  the  thermal  resistance  of  insulation.,  but  the  effect  of 
molstutt'  must  be  determined  for  each  maieriaL  For  example,  some 
inaterials  with  large  .airspaces  a.te  not  affected  significamiy  if  the 
moisture  ccntetit  is  less  than  10V«  by  'weight,  while  the  effect  of 
moisture  on  other  materials  is  approximately  linear. 

Idea!  conditions  of  cemponents  aud  Installations  are  assumed 
in  calculating  overall  R~\*a.iues  {Le.,  insulating  materials  are  of 
uniform  nominal  thickness  and  thermal  resistance,  airspaces  are 
of  uniform  thickness  and  surface  temperature,  moisture  effects 
are  not  involved,  and  installation  details  arc  in  accordance  with 
design).  The  National  Bureau  of  Siandards  Building  Materials 
and  SItrvetures  Report  BMS  151  shows  that  measured  values  dif¬ 
fer  from  calailated  values  for  cenain  irrsuiated  constructions.  For 
this  leason,  some  engineers  decrease  the  caicuiatud  R-vaiues  a 
rttodersic  amount  to  account  for  dq/ortures  of  construaions  from 
nKiuiremems  oiid  practices. 

Tables  2  and  3  give  v:».lL'es  for  've!I-scaied  systems  constructed 
with  care.  Field  applications  cart  diffc-r  substantially  from 
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iiilbotaio\y  ten  eondidois.  Air  gaps  io.  these  rjrpes  of  Ir^vUtion 
syneoB  «aa  lerioinly  degrede  thermal  perfokmance  m  a  mult  of 
airmok'eaiea.iduetobothiiatiixaland  forced  convection.  Sabine 
el  ai.  (19?S)  found  the  tabular  values  are  not  necemhly  additive 
for  multipie«biyer,  iowitnittanee  airspaces,  and  tesa  cn  actual 
oonsmtaioes  should  conducted  to  ascunueiy  determine  ther¬ 
mal  resistance  valuer. 

VUues  for  foil  insulatiou  produeu  supplied  by  inaniifacturen 
mun  also  be  used  vtith  caudon  because  th^  apply  only  tc  systems 
that  are  idendcai  to  the  configuration  in  whtdi  the  product  was 
tested.  In  addidon,  surface  oxltdadoR,  dust  arsumuLttion,  and 
other  fticton  that  change  the  condition  of  the  low-«mit:.vni.cii  sur¬ 
face  can  reduce  the  thermal  effectiveness  of  these  insulation 
rystems.  OeteriOktaticn  mults  from  contact  witli  several  types  of 
soludoas,  either  ad^c  or  basic  (eg.,  wet  cement  mortar  or  the 
preservatives  found  in  decay-resisunt  lumber).  Polluted  en¬ 
vironments  may  cause  rapid  and  severe  material  degradation. 
Hoivever.  site  inspecdons  show  a  predominance  of  weil-pieserved 
installadou  and  only  a  small  number  of  i:ises  in  which  rapid  and 
severe  deterionuion  bat  occurred. 

CALCULATING  OVflULL  THERMAL 
RESISTANCISS 

Itrianvely  sesall  conductive  e'emems  within  an  insulating  layer 
or  therma!  bridges  can  substantially  reduce  the  average  then^ 
mittance  of  a  component.  Examples  include  wood  and  metai 
.«!ids  in  fnine  walls,  concrete  u«bs  in  goncrete  masonry  wails,  and 
metai  dss  or  other  eiacencs  in  insulated  wall  panels.  The  foitow- 
ins  mamptes  Ulustraie  how  to  calcuiah:  R-values  and  U-factors  for 
oootpoiuaiu  cuntainiug  thermal  bridges- 
The  following  conditions  are  assumed  in  cikuiating  the  design 
R-valuer 

(1)  Equilibrium  or  steady-ttau  heat  mmsfer,  disregarding  effects 
of  beat  storage; 


(2)  Surrounding  surfaces  at  ambient  air  temperature; 

(3)  Exterior  wind  velocity  of  15  niph  for  winter  (surface  with  R  ■ 
O.I7*F  Tt**h/&{U)  and  7„5  mph  for  summer  (surface  with  R 
-  0.2S*F*fii-h/)3tu);  and 

(4)  Surface  emittance  of  ordinary  buildirig  materials  is  0.90. 

Table  I  Surface  Conducunce.*.  Biu/h^ft’-T. 
and  Resistances.  f-ft^-h/Btu.  for  Air*-*-*-* 

Suffuve  EmiUance,  t* 


Positien  cl  OlmnloN  Noe-  Reflective 

Surface  of  H«c(  reflective 


SriLl  AIR 


Homomal  Upward  :;.63  0.61  0.91  t.lO  0.76  1.3)2 

SlopiKf>-4S’  Upward  1.60  0.62  0.38  1.14  0.73  1.37 

Verticei  Horizom.'U  l.•!6  0.63  0.T4  1.33  0.39  1.70 

Slopint— 43’  Downward  1.32  0.T6  9.60  1.67  0.43  2..'22 

Horizantul  Downward  1.08  0.92  0.37  2.70  0.22  4.35 

MOV!^<G  AIR  (Any  Position)  ft  (Sg  R  fig  R 

13-inph  Wind  Any  6.00  0.17  —  ~ 

(for  winter) 

7.5-mph  Wind  Any  4.00  0.25  —  — 

(for  summer) _ 

*^ao  surface  lias  bout  an  airspace  leusunee  value  and  a  xitita  mtuMet  value. 
No  airspace  value  txiiu  for  any  surface  faciat  an  atrspacc  of  lav  tiuii  0.5  >a. 

^For  remilated  auks  or  spaces  above  eiiliiift  under  suaimer  eonditiaas  (beat 
flew  down),  -jce  Table  S. 

cCotNbictiaeM  arc  for  wrfaee  of  the  uacd  miitancc  faciat  vittuai  blackhody 
•uffoundlnts  at  the  same  umperature  at  the  ambwAi  air.  Values  arc  eased  on 
a  s^ens-air  itmpcraiure  diffsrcaet  of  t0*F  and  for  surface  tcmpctwutt  of  70*F. 

^‘Sec  Chapter  3  for  mote  detailed  iaformation.  cspecraily  Tables  3  aiui  6,  and 
sc*  Flfurt  t  for  additional  data. 

*Coudensata  can  have  a  dgirincaat  impact  on  surface  rmiiiaace  (see  Table  3 ). 


Thermal  and  Water  Vapor  Transmission  Data 


IratlUea 


TfiMt  2  Thtnnal  R»''suiacts  of  Plane  Ainpsccs*^,  *F  •  •  h/Bsu  ( C< 


#4- 


Di>9C^on 


Ainp-AM 


M-ia.  Ainpace* 


’oneludid) 


Hsfit.— *< 


M«aa 

Tb-^-. 

Tbrnp. 

Wff.s. 

•r 

am 

CffKtiR  (  nilltaiw.*.  ff •>* 
6.03  0.2  OJ 

0.82 

0.03 

Efftcthr  Cmliianc*.  £ 

e.0S  0.2  0.3 

0.82 

90 

10 

2.SS 

141 

t.7l 

I.OS 

0.77 

L 

1 

2.66 

1.33 

M} 

O.SO 

30 

30 

i.r 

1.81 

1.4S 

1.04 

0.i0 

2.09 

2.01 

l.S* 

1.10 

0.84 

‘  SO 

10 

IJO 

2.4tl 

1.81 

I.2I 

0.89 

2.30 

;i.« 

1.93 

1.23 

••  0.93 

0 

Vt 

2.0) 

1.9S 

1.63 

1.23 

0.97 

2.25 

2.13 

1.79 

1.32 

1.03 

0 

10 

2.43 

;U5 

t.SO 

l.JS 

(.06 

2.71 

,1  6.1 

2.il7 

1.47 

1.12 

-so 

JO 

1.94 

1  91 

1.68 

1.36 

113 

2.19 

2.14 

1.86 

1.47 

1.20 

•so 

10 

2.37 

2J1 

1.99 

1.S5 

IJ6 

2.65 

2.S8 

2.18 

1.67 

1.33 

90 

10 

2.92 

2.73 

1.86 

1.14 

0.80 

3.18 

:.»« 

1.97 

1.18 

0.82 

..y  SO 

30 

2.14 

2.06 

1.61 

1.12 

0.34 

2..7e 

2  17 

1.6" 

1.13 

C.S6 

jT  SO 

10 

2.88 

2.74 

1.9* 

1.29 

0.94 

3.12 

2.95 

2.10 

1.34 

0.96 

^  0 

20 

:.3c 

:.23 

S.82 

1.34 

1.04 

2.42 

2.3S 

1.90 

1.18 

1.06 

0 

10 

2.r9 

2.69 

2.»7. 

1.49 

1.13 

2.98 

t  S' 

1..13 

1.54 

1.16 

-SO  . 

20 

'2  " 

2.ir 

1.M 

1.49 

1  .'.1 

2  34 

2!29 

1.97 

1  14 

1.25 

-so 

to 

2.71 

2.64 

2.23 

1.69 

(.15 

2.37 

2.79 

2.33 

1.7J 

1.39 

90 

iO 

3.59 

!.66 

2.2S 

I.r 

o.r 

3.69 

.1.40 

2.15 

!.24 

O.JS 

so 

30 

2.SI 

2.46 

1.34 

1.23 

D.M 

:.6T 

2.5! 

1.39 

i.;i 

0.9! 

SO 

id 

3.79 

3.35 

i39 

1.4S 

1.02 

1.63 

J’jo 

2.32 

l.Ql 

■Wo  0 

20 

2.76 

2.66 

2.10 

1.48 

1.12 

2.38 

2.7* 

2.17 

1.51 

1.14 

s 

Id 

).S1 

3.J3 

2.51 

1.67 

1.23 

3.49 

1.13 

2.50 

1.67 

1.1) 

-so 

20 

2.64 

2.3S 

2.1$ 

1.66 

1.31 

2.32 

2.73 

2.30 

1.72 

!.37 

-so 

10 

3J1 

3.21 

2.62 

1.9! 

1.48 

1.40 

3.30 

2.67 

1.94 

1.50 

90 

10 

S.07 

4.SS 

2.S6 

1J<3 

0.91 

4.3) 

4.13 

2.49 

IJ4 

0.90 

so 

M 

3.S8 

3..)6 

X3I 

1.42 

1.00 

3.31 

3.30 

2.28 

1.40 

1.00 

sc 

10 

S.'.O 

4.tj6 

3.85 

1.60 

1.09 

4.74 

4.36 

2.73 

I.S7 

!.•» 

0 

20 

3.IS 

3.66 

2.68 

J-74 

1.27 

3.11 

3.63 

2.66 

•  1.74 

1.27 

S  0 

to 

4.sa 

4.62 

3.16 

1.94 

IJ7 

4.i9 

4.32 

3.02 

1.88 

1.34 

X-so 

20 

3.62 

■J.SC 

2.30 

2.01 

1.54 

3.77 

3.64 

2.90 

2.0.S 

1.37 

-so 

U) 

4.67 

4.47 

3.40 

2.29 

1.70 

4.10 

4.32 

1.31 

2.23 

1.61 

90 

10 

A09 

.1.35 

2.79 

1.43 

C.$4 

10.87 

1.19 

3.41 

1.57 

l.W 

so 

W 

6J7 

S.63 

3.18 

1.70 

l.l* 

9..'C 

8.17 

3  16 

1.38 

ij:. 

so 

10 

$61 

3.90 

3.27 

1.73 

i.ri 

11. IS 

9.27 

4.09 

1.91 

1.24 

0 

20 

7.03 

6.43 

3.91 

2.19 

1.49 

10.90 

9.52 

4.n 

2.47 

1.62 

0 

10 

7JI 

6.66 

4.00 

2.22 

I.SI 

11.97 

10.32 

3.08 

2.52 

1.64 

-so 

to 

7.73 

7J0 

4.TJ 

2.SS 

1.99 

11.64 

10.49 

6.02 

3.23 

2.18 

-.so 

tc 

9.09 

7.32 

4.91 

2.89 

2.01 

12.90 

11.36 

6.36 

3.34 

2.22 

h  *Sm  Chiowf  7H,  Mcnon  oa  "haen  AfTtaiiig  Hau  Ihuute'  Aotmi  AinpasoT 
niHfmiNiitniaotntiiMiVMiveMcmiiMdfMntbtiHaSca,/!  ■  //CwtimC  * 
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ajnpMt,  VWuei  far  ati*  dctmqi^  from  dm  d(««t«p>d  ht  (^.uon  tt  aL 
(ItMV  EddMiom  ?  7  id  Vvtivttjdi  (IMS)  ihow  the  dm  in  OMc  ^  it;  uwlytic 

farm.  IV  conpeiMion  from  'OMii  2  le  alnpsai  ten  thu  0 J  to.  (u  ia  insuUiin; 
•Mdw  tSanIt  atMUM 

kf  -  0kl59(l  >  aOOI«(„)// 

wInr  /  te  (be  liinpaGc  thiekaan  ia  ia,  and  it  btai  naiurcr  tteodfh  tht  ainpac* 
eatr. 

VMiNtanbaied(mdauipr«MmcdbyHobiaian«f8(.(I9S4).  (AJ^sirt  OiapKX 
J.Xlbtet  Jand4,aadChapccr}9).  >Uuai  apply  (dr  idcaicond/'isnv  iA.  ai'^paws 


of  uniform  ihiekawboiir.dtd  by  ptendtni()<«h  pa.tsildnirfam«ithnoairtea>»<e 
to  or  Mm  tlM  ipaca  Whan  acGwatt  v«lun  aic  nquiiad.  ttw  OMsail  t'-racten  dtttr* 
minttl  thiouin  cabbiaitd  boc  bm  (ASTM  C976)or  luardid  hot  box  (ASTM  C 236) 
ttsiiaf.  Thtmai  ftsiiunei  viiuts  for  muixipte  ^A'lpacn  muv.  ba  bated  en  cartful 
attinattt  of  OMan  itmptnuuie  diffttvncei  for  etch  ainpact. 

‘a  mo^  taiHanca  *v!uc  cannot  account  for  muJUpie  ainpaect:  taeh  ainpact  rt* 
duifti  a  uparatt  mwauce  cakuteuon  that  applits  only  for  the  niabliihed  boun¬ 
dary  enadiiiiiflt.  Rttmaacat  af  bofixoniai  ipaccs  wub  heat  dorr  downwaid  are 
mimamially  iodapendant  of  tempManiit  difftivincc. 

^latr  Tpotinen  it  perminibte  for  other  vaiuet  cf  nun  irmpctaiutn  tampemuR  dif- 
(tetpca.  and crfitcti«« twiiaaact £.  tnierpolimion  andmodetm ettmooiation  fw 
airtpnen  gitaifT  \bari  J.5  in.  an  alto  perini«ibl^/»— C^(ClA(«raOf 
*Eff«ctite  etniijana  £  of  iht  ainpace  it  piaen  a^  l/£  •*U|  -r  t/f;  -  i^htR(| 
and  ft  aR<b?<mitianccs  cf  the  iprfacaeitthc  ainpaccr(iec  Tbble  3).  ^ 
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Wood  Frame  Walb 

Tbe  aveiase  avenll  R-values  and  U-faaors  ot'«^od  fnme  wtUs 
can  be  calculated  by  assuming  parallel  heat  flow  paths  through 
areas  with  dlfTeient  thermal  resutances.  Equations  (1)  through  (S) 
from  Chapter  20  are  used. 

For  simple  stud  waKs  IS  in.  on  center  (OC),  the  fraction  of  fram¬ 
ing  is  assumed  to  be  apprrxdmately  0.1S;  for  studs  24  in.  OC.  ap- 
ptoximatey  0.12.  These  fractions  conain  an  ailowince  for  multi¬ 
ple  studs,  plates,  sills,  and  extra  framing  around  windows  and 
doors  but  do  not  allow  for  headers  or  band  joists. 

E«aiaplel.CalOiliifiheU-factorofthe2by4itudw>llihcwmin  Figure 
2.  The  mids  irt  at  16  in.  OC.  There  is  a  3.3-  in.  mineiat  fiber  bait  insula- 
tiurt  (R'M)  in  the  studspece.  The  inside  finish  is  0.3-in.  gypsum  boaid;  the 
outskie  h  fliuiiied  with  vcgeoble  fiber  boprd  shewing  and  0.3  -in. 

by  S-iu.  weed  kTped  siding.  Tiie  framing  csmipies  approximately  I39h 
of  the  transmission  area. 

Solution:  Obtain  the  R-vmlue  of  the  various  building  elemems  from 
Ihbles  1  and  4. 


Elcmeiti 

Ifrfnsulaiion) 

IffFraming) 

Outside  surface  (13  mph  wind) 

0.17 

0.17  . 

2.  (Maed  bevel  lappeq  siding 

0.81 

0.81 

1.  0.3-4IU  iheatnint 

1J2 

V32 

4.  3  J-io.  ntinemi  fiber  ban  insulation 

It 

_ 

3.  Nominal  2  by  4  *«ood  stud 

— 

4.38 

6.  O.S-in.  gypsi.im  w»)i.lbc.u1 

0.43 

0.43 

7.  Inside  surface  (still  asrl 

.0.68 

0.68 

«i 

«  14.43 

A,  -  :.8i 

TherefoR  (/,  -  0.069;  I/-  >«  0.128  Btu/h'fr-’F. 

If  the  wood  flaming  (4«..  thermal  bridgip  g)  is  not  included.  Equation  (3) 
from  Chapter  20  may  be  used  to  c&lcutate  the  U-factor  of  tbs  wall  ar 
follows: 

U„  •  {/,  -  -  0.069  Btu/h-ft’-’F 

If  the  wood  framing  is  accounr.<jd  for  ur,mt  the  parallel  flow  method,  thr 
U-factor  of  the  wall  is  determined  using  Equaiion  (3)  from  Chapter  .20  as 
follows; 

(/„  -  (0.83  x  0.065;  >  (0.55  x  0.128)  -  0.078  Qtu/h-f?-->F 
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If  Umwmm!  iimiiiiuf  k  isdiKiK!  luine  Uw  iMtlwnnai  mctbod.  tilt 

U*fiKtor  of  tht  woU  is  dcttnnintU  ttsiojt  Equations  (2'/  miui  (3>  frooi 
Oupwr  20  u  foUome 

Mrnv  •UO*  i/((0.)l5/II.00)  t.(3 

V„  « 

Bara  ftwM««n  ^tii  s24iii.  OC  inidsoaea,  thaavtTSteovenU  R*vatue 
^4e9llM»  !3 ,16*F*  tr- O/Btu.  Simiiai'  ealcuiaitcn  praccduits  can  b«  used 
tsmluan  otiiet  *iaU  eMgas. 

Masoary  Wolli 

The  srvenge  owemll  Revalues  of  loascnry  nwails  can  be  estimated 
by  anuti^iag  a  combination  of  Ui^wrs  in  senes,  one  or  more  of 
which  provides  jiaiaUel  patiu.  This  me  Jiod  is  used  because  heat 
fkiws  iatemUy  (iirou|h  block  face  shells  so  that  transverse  isother- 
mai  pbutes  result.  Avenge  total  resistance  is  the  sum  of  the 
resistancts  of  the  layers  between  such,  planes,  each  layer  caicuUted 
as  shown  in  Etample  2. 

Rstmalt  1.  Cakulara  Um  ovcnll  thetmal  miscance  and  a«etes«  U-faeior 
oftl>t7-3/t4n.thidcin«iilattitcoi>eieHibtockwalltho«mlnRgu«3.Thc 
two«orc  block  has  an  miatt  web  tUekntsi  of  l>in.  and  a  face  shelt 
ihfekOKi  of  M/4>ts.  Otvatt  block  dfanentiota  am  7-5/>  by  7'J/S  by 
IS«S/  4  io.  Thcnmil  mintnoK  of  Il2  tb/ft^  ^cieai  and  5  Ib/ft^  Rpand^ 
ad  ptrliti:  itiaiihuion  are  3.10  and  ft*'  h/Siu  per  in.,  nupectivtiy. 

SoluHoiK  The  aquation  inad  to  dtierminc  tb«.  ovaatl  ih«inal  nsistaaer. 
of  tiwiamiaeadooaenA«biaefc  wall  is  derived  from  cqiranaas{2|aod(3) 
Item  Chapter  20  and  is  given  bdoer. 

R-Rc 

*/  ‘f  tcTUZ  ^  XX  * 

mbtrv 

R  rr«*i  *  overett  tbertnsi  mittance  based  on  the  auumption  of 
iscthernial^  P'buws 

M,  ■  thermal  resuuuice  of  insidf  air  surface  nim(tiiU«if> 

A,  a  ihcnttairwsfSiiKX  of  outside  air  surface  (Uri  (IS  niphwindt 
ff/  a  weal  thamai  resisiaiica  of  bee  shslU 
Rf  a  Chennai  resUttnea  of  cores  batwean  (See  sheds 
A.  thannal  lesUsatyse  of  webs  between  face  stwiU 


Fig.  I  Surface  Cr.isdnctaece  for  Diffemut  12-Inch-Square 
Surfaces  as  Affected  hy  Air  Movement 


a  fraction  of  total  area  ir.imvtrsr  to  heat  (low  rcpmrnted  by 
webs  of  blocks 

a,  a  fraction  of  totei  area  tiansntne  to  heat  (low  represented  by 
cores  of  blocks 

From  the  inforTnation  given  and  the  data  in  Ihbis  I ,  deierniine  rise  values 
needid  to  compute  the  overall  thermal  resistance. 

Aj  a  0,M 

A,  a  0.17 

A.  a  (2KiX3M0.l0)  -  0.23 
Rf  a  (S.l23MX3ti)  a  I4.S6 
A»  a  (3.123AUm>  a  0.35 
a  3/ti.i2i  a  o.m 
if  a  1X623. 13.625  «  O.SCd 

Using  the  cquaiiOkt  given,  the  overall  thermal  resistance  and  average  U* 
factor  ant  calculated  a*  follows 

Ar,,„  a  0.68  4-  0Ji5  (0.3l)(14.8tS)/t(0.808)(0.5l) 

•V  (0.1921  (14.S6»,  0.17 

»  0.68  I-  0.25  -r  133  4-  0.17  a  3.43*F'rt-'h/Bl’a 
C'.,  •  1/3.43  -  0.292  Btu/h-  ft-  ‘F 

Based  on  guarded  hot  box  tests.  Vui  Geem  (1983)  measured  the  average 
R>value  for  ttiis  iMulatcd  concrete  block  wall  as  3.13 *F*  ft*'  h/Btu. 

Assuming  peraliel  heat  tbw  only,  the  calculated  resistance  is 
usually  higher  than  that  calculated  on  the  assumption  of  isother¬ 
mal  planes.  The  aauai  retistance  generally  is  Mime  tmlue  between 
the  two  calculated  values.  In  die  absence  of  test  values,  examina- 
don  of  the  cortsuuction  usually  reveals  whether  a  value  closer  to 
th'7  higlier  or  lower  oticulated  ft-vtlue  should  be  used.  General¬ 
ly,  if  th's  constnicnon  .contains  a  layer  in  which  lateral  conduction 
is  high  compared  with  uoRsmitronce  through  the  connmetion.  the 
eoicuiadon  with  isothennal  planet  should  be  used.  Iftheconsmic- 
tioK  has  no  layer  of  high  latetal  conductRnca  the  parallel  heat  Bow 
coicuiation  should  be  used. 

Hot  bOK  lesu  of  insulated  and  uninsulated  masonry  walls  con¬ 
structed  with  block  of  conventional  configuiation  show  vliss  dtffi'- 
mal  resistances  calculated  using  the  isot.Hermal  planes  heat  How 


V  Outside  suctace  (tS  men  wind) 

X  Wood  sidino,  OS  tn.  by  3  in.  lapped 
X  SUeeung,  Oh  in.  vegetable  Hber  board 

4.  Mi'n'irai  tiber  belt  insulation.  X5  in. 

5.  Noimnai  2  by  4  wood  stud 
a.  Oypium  wsliooaid.  Oh  in. 

7.  Insido  surlace  (still  air) 


Fig.  1  Iiisub.tctl  WimmJ  Frame  M^ll  (E.tample  1) 
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method  afree  well  with  measuxed  valuer  (see  Van  Ceem  198S, 
^ore  19W,  Shu  era/.  1^9).  Neglecting  horizontal  mortar  joints 
result  in  thermal  transmittance  values  up  to  16^  lower  than 
:ual.  depending  on  the  density  and  thermal  properties  of  the 
masonry,  and  1  to  lower  depending  on  the  core  insulation 
nuaerial  (Van  Gcem  1985,  McIntyre  1984).  Horizontal  mortar 
joihu  usually  found  in  concrete  block  wall  construction  are 
negieeted  In  Example  2. 


% 


Panels  Coataining  Metal 

Curtain  wall  constructions  often  intdude  metallic  and  other 
thermal  bridges.  Themuil  resistance  of  oanel.'i  can  be  signiflctuitly 
reduced  by  metallic  thermal  bridges.  However,  the  rapacity  of  the 
adjacent  fuing  to  transmit  heat  transversely  to  the  metal 

is  limited,  and  some  contaa  resistance  bctvreer  all  materials  in 
contact  IWu  the  reduenon.  Contaa  raistances  in  building  struc¬ 
tures  are  only  0.06  to  0.6  *F*  ft**  h/Btu  which  are  too  small  to  be 
of  concern  in  many  cases.  However,  the  contaa  ttiawaces  of  steel 
haming  members  are  imponani  to  consider.  Alsa  in  many  cases 
(as  illustrated  in  Example  3)  the  area  of  metal  in  contaa  with  the 
fitdng  greatly  eneeeds  the  thickneu  of  the  metal  which  mitigates 
the  influence. 

Thermal  cbaricteristics  for  panels  of  sandwich  construcrion 
can  be  computed  by  combining  the  thermal  resistances  of  the 
various  layers.  However,  few  panels  are  true  sandwich  construe- 
dons;  many  have  ribs  and  stiffeners  that  create  complicated  heat 
(low  paths.  R-values  for  the  assembled  sections  should  be  daa- 
mined  on  a  representative  sample  by  using  a  hot  box  method.  If 
the  sample  is  a  wall  section  with  air  cavities  on  both  sides  of 
flbfotts  iruulatiotu  the  sample  must  be  of  represenutive  height 
tinoe  convective  airflow  can  contribute  significantly  to  heat  flow 
I  tiirough  the  test  section.  Computer  modeling  can  also  be  useful, 
'but  all  heat  txarufer  raechanistru  must  be  considered. 

In  Example  3,  the  metal  member  is  oitiy  0.020  in.  thick,  but 
it  is  in  ooncKt  with  adjacent  facings  over  a  i.25  tn.-wide  area.  The 
member  is  J.  50  in.  deep,  has  a  thermal  resistance  of  apptox- 
imately  Q.CilT-ft^- h/Btu,  and  is  vinually  isothermal.  The 
calculation  irrtuives  cateftil  sdection  of  the  appropriate  thickness 
for  the  steel  monber.  If  the  member  is  assumed  to  be  0.020  in. 
thick,  the  faa  that  the  flange  tiarumits  heat  to  the  adjacent  fac¬ 
ing  is  ignored.  If  the  member  is  assumed  to  be  1.25  in.  thick,  the 
hesz  flow  through  the  steel  is  vTverestimated.  In  Example  3,  the  sted 
member  behaves  in  much  the  same  way  as  a  rectangular  member 


Table  3  Emittaiice  Values  of  Various  Surfaces  and 
Effective  Einittanc.?s  of  Airspaces* 


Effacthra  EoUlttaca. 
£  of  Atrapaca 


Average 

Sarfacc  EMlIlance  • 

One  surface 
cmlitaacc  «; 
Ihc  other  0.9 

B«lh  sar- 
faces  emit- 
tauce  • 

5 

Aluminum  foil,  bright 

0.03 

0.03 

0.03 

Aluminum  foil,  with  condensaic 
jast  visible  (>0.7gr/ft*> 

0.30" 

0.29 

Aluminum  foil,  with 
condensate  dearly  visible 
(>  2.9  gr/ft*) 

0.70" 

0.63 

Aluminum  sheet 

0.12 

0.12 

3.06 

Aluminum  coated  paper, 
polished 

0.20 

0.20 

0.1 1 

Sled,  galvanised,  bright 

0.23 

0.24 

0.13 

Aluminum  paint 

0.30 

0.47 

0.33 

# 

Building  matenais:  wood,  paper, 
masonry.  oonmeutUc  paints 

0.90 

0.82 

0.82 

Regular  glass 

0.84 

0.77 

0.T2 

*ThcM  value*  apply  in  ihc  4  to  JO  um  range  of  liie  electromagnetic  spectrum. 
^Values  arc  Iwietl  on  data  pmcnied  by  Daiictt  anti  Trethuwen  IIVIUI. 


1.25  in.  thick  and  3.50  in.  deep  with  a  thermal  resistance  of 
0.69 *F- ft' -h/Btu  [(1.25/0.02))  x  O.Oll]  does.  The  Building 
Research  Association  of  New  Zealand  (BRANZ)  commonly  uses 
this  approximatitan. 

£ju.niplc  X  CalculAtg  the  C-factor  of  the  insulated  steel  frame  wall 
shown  in  FiguK  a.  Assume  that  the  sud  niember  has  aa  R-value  of 
0.69 *F-  fr*  h/Btu  and  that  the  framing  behaves  as  though  it  occupies  ap¬ 
proximately  S*«  of  the  transmission  area. 

SitMiOH'.  C'buin  the  R-va.iutis  of  the  various  building  elements  from 
Table  4. 

Element  Bdiuulaiion) 

1.  0.3-in.  gypsum  wallboard  0.45 

2.  3.5-in.  rr.iaerai  fiber  bait  insulation  11 

3.  Steel  framing  member 

4.  0.5-in.  gypsum  wallboard  0.45 

,*?,  •  11.90 

Therefore.  C,  ■  0.084;  C.  -  0.629  Biu/h-ftJ-  ‘F. 

If  the  steel  framing  (Lt.,  thermal  bridging)  is  not  coruidered,  the  C -factor 
of  the  wall  is  calculated  using  Equation  (3)  from  Chapter  20  u  folic-ws: 

C„  -  C,  -  l/«,  -  0.084  Btu/h-ft^-  'F 

tf  the  steel  framing  is  accounted  for  using  the  parallel  flow  tmnhod.  the 
C-faaor  of  the  wall  is  determined  usiug  Equation  (5)  fiiom  Chapier  20  at 
follows; 

C„  -  (0.92  X  0.084)  -I.  (0.08  x  0.629) 

-  0.128  Btu/h-ft^-  'F 
Rrin,  m  7.Sl*F-ft**h/btu 

If  the  sted  framing  is  included  using  the  isotherntal  pianrs  n  ethed.  rha 
C-factor  of  (he  yr-ail  it  determined  using  Equations  (2)  and  ^ '))  f.'cn.  Chas  te: 
20  as  follow:: 

H  m  0.43  4-  1/1(0.92/11.00)  4-  (0.08/0.69)1  +  0.45 
»  5.9t'T-fl*-h/Bui 

r  »  0.169  Stu/h*ft--*F 

v.'av 

Farnuk  uUu  tarr.on  il9«j)  n'r:isi'.?rd  an  average  R-valuc  cf 
6.61  •F*  fr*  h/Btu  for  this  insniesed  sfi  ei  iratnit  wsJl. 


R(  Framing) 
0.43 

(7.69 

0.45 


1.  Outside  surface  (la  mph  wind) 

2.  Cone  (MS  bloc.a 

3.  Expanded  peTiite  insulation 
/.  Iiigide  suilace  (still  air) 


Fii;.  3  Sn.suiut'.'d  Citnerete  Diock  >Vall  (Example  2) 


22,6 
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Tablit  4  Tyt>k»l  Tlwmal  Pfoptrtto  of  Common  Bulldtag  and  Inwhitiag  Mattftoti — V«lge«* 


Rcyietaaei  *(,7) 

D«*iey, 

Ceeduc- 

rivijy* 

(A), 

iM’lin^ 

Condne- 

tance 

(C), 

lira 

Pi'r  iadi 
ihireai/e 
(!'**. 

*F  b 

fpf  Mek 
iirticd 
(l/T). 

*y.  ft*  ■'v 

t'otoUc 

Hmi. 

.Vtii 

D<t9rH>,.rf»v 

Ib/fl* 

IdiG'in. 

fUa 

>tllU>lf)C  HCAAb 
AnbcKst-ctAcr.i  ... 

A<b«st(U'CtaHm(  botirti  . 

Aibtnnt^Riiaiu  lK>iud  .. 

G^'ptuin  cv  ptuvn  . . . 

(.^yptun  «r  aUfsiw  rt. . .  . . 

Gypcutn  or  plmrr  . 

Vlywood  (Dousru  . 

WywootJ  ’OcugUu  PI.”) . . - . 

i'lywood  (Do>;i^ja  Pit) . . . . .  - 

!(*lywowl  (OouKiat  Fir) . 

Pl^'VfBod  (Douflac  Fir) . . 

I’lywtml  vtr  wood  puttls . 

Vojwubkr  7ilr«r  So^ 

ShttdviK,  rcgubtr  dauir/  . . . 


Siswiuas  hitsrsnndiako  doiuiiLy 

Nau4&aM  itwuhiiu* . 

SldngK  hstekn' . . . 

SdiBgit  bttciccr . . . . 

Sound  dttdcnioi.  botrd . 

Tito  aitd  tay-in  p^itcU,  pMn  or 
ooottuic . . . 


lAainaiicd  psperbcoid . . . . . 

HaoMroMOui  bowel  from 

i«pu«f*«d  pupor  . . 

Hrrdbouci' 

Mudiuni  dtulrj'  ...  . 

Hitji  dmiry.  wrviiM  ettnp.  Mrrtor 

KKdorluy  . . . . ...... 

Kith  dtnsity,  ltd .  u.«p€nKi . 

Pnrtidc);e«t'd* 

Low  dtaiti? . . . 

Mcdiuoi  d«^(y . . . . 

Hifh  doisay . . . 

UndorUyoMm  . . 

d^uferbovd . 

Wo;:d  lubfioor . 

BUILDING  btEMBRAl'in 


Vapor~(wniM3b(«  fdt . . 

Vapor— Mat.  2  iaycn  of  mowod 

Udb  Mt . . 

Vapor— teal,  plaidc  Him . . 

riNISB  FLOCKING  M^'buALS 


Carptt  and  flbiour  pod . 

CaiM  awl  ).v.Ottcr  ^ . . . 

Cork  die  — . . .  — 

Temao . 

TUe— atphalt,  linoWiim.  vinyl,  niitter 
vinyl  atbeitoi  . 

«WT«mt.-  . . . . . 

Wood.  harJwo^  fbi^ . 


1NSUL.^^T1NG  MATERIALS 
Blattktt  and  aatt>* 

Mineral  Fiber,  flbroui  form  procestsd 
from  rock  slag,  or  giast 

approx.  3-4  in . 

approx.  3.3  in . 

approx.  S.i-6.5  ia . 

e^ryifox.  6-7.3  in . . . 

av.'orox.  9-10  m . . . 

approx.  12-13  in . . . 


Board  aad  Sieba 

Ciitulji  lilnu . . 

Cbrt  fltrrr.  organic  barvied . 

Expanded  perlite,  organic  bailed 
Ea;Mnd.^d  rubber  (rigid) . 


.4.123  ;d. 
,  .0.23  in. 
0.37.3  I®. 
..0.J  u.. 
.C.623  in 

.’.oii'ln. 
,0.373  in. 
..0..3  its 
0.ii?5  in. 
.0  7i  in. 


. 0.3  in. 

0.71I.73  in. 

_ 0,3  in. 

_ 0.3  in. 

.  .0 J73  ia. 
,.4.3123  in. 
_ d.J  in. 


0..3  ia. 
0.73  m. 


, .  .O.tD  iu. 
‘.'.*.'.0.73 'in. 


C.123  ia. 
....1  ia. 


.0.  73  in. 


120 

4.0 

•• 

0.23 

024 

170 

*■. 

31.00 

0,01 

120 

«■» 

16.30 

0.05 

30 

3.10 

0.72 

0.76 

SO 

«  -w 

:..72 

o..*< 

30 

i.Tg 

— 

sJ..<6 

i4 

DM 

MW 

0.29 

34 

•m.. 

3..21) 

a.j; 

34 

2.1: 

««• 

0.4* 

34 

1.60 

ft.62 

34 

1..79 

0.77 

34 

— 

I. ft-/ 

— 

0.91 

0-29 

IS 

0-76 

.... 

1.52 

0.31 

0.49 

2.'54 

22 

0.97 

I.!":? 

0.11 

25 

wwa 

094 

1.06 

3.31 

It 

1.06 

0.94 

0.31 

IS 

i.:s 

wee 

9.78 

• 

u 

— 

0.74 

•w. 

5J>S 

C.30 

Ifi 

9.44 

i.?o 

«... 

0.!4 

18 

0.80 

1.23 

13 

WX. 

OJl 

1.89 

3ft 

0.50 

— 

2.W 

0.33 

30 

0.30 

— 

2.00 

— 

028 

30 

ft.73 

— 

i.37 

— 

OJt 

33 

ft.ll2 

i22 

*W. 

OJS 

6.3 

I. TO 

l.Cft 

•  — 

0.32 

37 

0.71 

1.11 

O.J! 

3ft 

0.94 

t.06 

.rM 

0.31 

62.3 

1.18 

0..1J 

0.3  i 

4C 

122 

.tax 

0.32 

029 

j; 

0.6: 

1.59 

«w. 

am. 

— 

1.46 

— 

094 

0.33 

•W.. 

16.70 

0.CM 

i.37 

.•M 

0.12 

— - 

... 

-. 

— 

Ncgl. 

0.48 

LOS 

0,34 

C.Sl 

mm 

1.Z3 

0.33 

S.CrJ 

0.28 

12.30 

0.0c 

9.19 

:5}.oo 

0.03 

0.30 

4.7.4 

0.19 

— 

— 

_ i.47 

(!.6S 

a,3-2.o 

mm 

U.09I 

!1.3.2.fi 

0.077 

o.3-:;.o 

0.033 

3,3-2. c 

mm 

0.043 

0.3-X0 

0.013 

ft.3-i.O 

•m. 

0.026 

3.,5 

o.ys 

4.0-9.P 

0.23 

— 

i.O 

Ci.36 

m. 

4.3 

o.a 

— 

V.W 

n 

ma. 

i.) 

19 

mm 

mm 

30 

mw 

38 

«.m 

O.ll 

4.00 

.m 

0223 

2.7* 

— 

0.70 

4.5.5 

— 

0.40 

Thermal  and  W&ter  Vapor  Transmission  Data 


Taftfa  4  TypiciJ  ThtnBaS  ?i«8K‘rt»<s  of  Ceasmon  BuRdIng  «i 


and  Insttfatigg  Materiais--De5tg«  Vaiuw*  iContlnuetl) 

Rtstotance  *(^) 


IKjKtijMiOt! 

£x{and4d  polyttyrasc,  ottmded 
^-'laooUi  tkin  tarface)  (CFC^;.  zsp.) 
E:^sa^Md  {tolystyreiie.  i&oidcd  iTttdt . . 


CeUuSar  polynretiian.e/poiyisocyuiurace*' 

(CFC^i  eip.)(unface(l) . 

Cdi'ila;  tsolyuocyauurue^ 

(CFC-il  wf?.>(*a»-p*nBsabls  faean) . . 

Cdluiar  polyinxyaiiufaia’ 

(CFC'l !  «p.)<SM^p«nneable  facers) . . 

C.'^utar  phesaik 

(cloMd  eeflXCFC-ti,  CTC-U3  tap.) . 

Cdlttlxr  pbtu^ 

(open  OBtt)  . .  . 

fiber  »(th  reiJQ  biodcr . 

ftOitersl  tibtrboani,  tiret  ferieif 

Cota  or  ioof  iiuuUrion . . . 

Aeounual  ale . . . 

.\couEtical  tile . 

Mineral  ftberboard.  wet  molded 

Asocstical  U!ei . . . 

Wood  or  cane  flberboart; 

AoMttuca's  tilei . . . 0.3  m. 

.  Acoustical  tilei .  . ...0.?5u*. 


Acoustical  tile* .  . 

^Rnicrior  (iaish  (plank,  tile) . 

"^CeaaK  slber  slabs  (shredded  wood 
with  Pertba^.  cement  hinder  ... 
Cemeat  fiber  slabs  (shredded  wood 
with  maanesia  oxysuSr.de  biader) 


Loesi!  fill 

CcUidtisir.  iiuubci;.n  (miUed  paper  or 

wood  pulp)  . . 

Ferlite,  c^psndsl . . . 


Minera!  nbe<'  (rock,  siag,  or  glass)* 

appro:.  3.73-J  in.  . .  . . 

approx.  d.f-S./'S  is . . . . 

approx.  7.S-iQ  in. . 

approx.  10.23-13.73  in . . 

Miiu^  fiber  (rock,  slag,  or  glau)* 
approx.  3,3  in.  (el^'ssisd  odcwai!  appUcarioo) . 
Vemuculits,  exfeiiatad  . 


Masoivy  Uitiu 
Brielt,  cotnmon . 


Clay  tile,  hoUow 

1  bell  deep  . . . . .  .3  in. 

J  cal  deep  . . 4  in. 

2  tteHIr.  deep . . . 6  in. 

2  ceils  deio .  . . . 5  in. 

7.  ceiU  deep . 10  in. 

3  cells  deep  .  . 12  in. 

I  Concrete  blocks'' 

I  Luneuene  a^sreaate 

9  in..  36  ib,  138  Ib/fr  concrete,  2  cores . 

Sscie  with  perlite  filled  cores 
1.2  in..  S3  lb.  iS'd  !b/Cr  concrete,  2  cores  ....  . . 
Same  with  perlite  filled  cores 


Cendty, 

Ib/ftJ 


1. 11-3.5 
5.0 
1.25 
1.3 
1.73 
2.0 


1.3-2. 3 


i.*-22 

IS.C 


25-r-O 


2.3~3.2 

2.0-t.l 

4.1-7.4 


Condtre- 

tleUy*' 

(A). 

8tU»lH, 

h-ft-*"T 


Condac* 

tance 

(C), 

Bin 

h-ff'-oF 


Per  inch 
thickness 
il/k). 

Btu  *  in. 


For  (hick. 

Bess  lUted  Saeclllc 
(1/C),  Hea;, 

■  Btu 

Bt«  It,,  “vr 


0.16-0,18 

0.16-0.18 


0.30-0.53 


d.r/.23.32 

0.27-0.31 

0.31-0.36 


6.15~.1.56 
6  23-5.56 


2.0-1.89 


3.70-3.13 
3.7-3.3 
3. 3-2.8 


7.4-1 1.0 

0.36-0.42 

2.8-2.4 

— 

J 

j 

C.6-2.0 

n.o 

o.r 

0.6-2.0 

19.0 

i 

0.6-Z.0 

— 

22.0 

1 

06-^0 

— 

30.0 

1 

j 

2.0-3.3 

» 

12.0-14.0 

J 

<1 

7.0.d2 

0.47 

2.13 

— 

0.32  i 

«.O-6.0 

0.44 

— 

7.27 

_  __  ■— 

1 

80 

2..2-3.2 

0.45-0.31 

‘  1 

1 

90 

2.7-3 .7 

— 

0.37-0.27 

... 

-•  : 

100 

3.5-4.3 

— 

0.30-0.23 

— 

—  i 

HO 

3.3-3.3 

-- 

0.29-0.  IS 

— 

1 

120 

4.4-6.4 

0.23-0,16 

— 

0.19  ( 

130 

3.4-9.0 

.— 

0.19-O.H 

— 

**  ! 

I.2J 

,» 

0.80 

0.2i  i 

0.93 

— 

1.11 

! 

wew 

0.66 

— 

1.32 

0.3* 

~ 

1.85 

1 

0.43 

— 

2.22 

•«.  j 

0.40 

■ 

2.50 

1 

— 

0.18 

* 

2.1 

1 

•r- 

•-* 

— 

0.27 

3.7 

1 

42.8 
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Tafttt  4  Typteat  Yhwmal  Propertius  of  CowimoH  QuiMIng  and  Insulating  Msteriais*>"Oesign  VaSuts*  {ConUnued) 


msarigUM 

Wonsai  wsifht  aggitgaue  (sand  .and  gravel) 

8  io..  33-36  U>.  126*136  esnerete,  2  or  3  caret 
Same  with  gerliu  nUtd  Gorcn 
Same  with  verm.  fSltd  eom 

12  ia.,  SO  lb.  123  Ib/fr  eenerae,  2  cores . 

Medium  wdtht  aggros  Icombiaatiens  of  normal 
weigh,  ind  lightweight  agstegtte) 

8  in.,  26-29  lb,  9?*!  12  Ib/ft^  cotcrete.  2  or  3  cores 
Same  with  perlite  flUed  cotes 
Same  with  verm,  filled  ceres 
Same  with  molded  EPS  (beads)  (Uled  cores 
Same  with  moldsd  EPS  inserts  in  cores 
.  Ugheweight  aggregau  (mepaoded  shale,  day.  slate 
or  slag,  pumice) 

6  in..  t£*t7  ib  83-87  Ib/ft*  tsitcretc.  2  or  3  cores 

Same  whh  periitc  filled  cores . 

Same  with  verm.  flUed  oprss  . . . . 

I  in..  19*22  !b.  72*16  Ib/fr  coacrete,  . 

Same  wtih  pariiie  filled  cores 
Same  with  verm.  flUed  cores 
Same  with  molded  EPS  (beads)  flUed  cotes 
Same  with  UP  foam  flUed  cores 
Same  witi:  teoided  EPS  iaseru  in  cores 
12  in.,  32-36  lb,  W*9Q  !b/fr  cooerete.  2  or  3  cores 
Same  with  vMtUte  ftlkd  cores 
Same  with  verm.  fUled  cores 

Stooc.  Ume.  or  sand . . . 

Ojrpmm  partition  tile 

3  by  llbySOlB.,  Kslid. . 

3  by  12  by  30  in.,  4  ccUit . 

4  by  12  by  30  in.,  3  ceils . 


OiswKty, 

Conduc* 

tivUy* 

«). 

Sic 'in. 

Conduc¬ 

tance 

(C), 

B:u 

li*ft*-f 

l!i*fl*-»F 

0.90-1.03 

0.30 

0.32-0,73 

— 

— 

0.81 

0.58-0.78 

0.2741.44 

WWW 

0.30 

0.32 

— 

— 

0.37 

3.3241.61 

0.24 

0..33 

WWW. 

0.3241..54 

0.l341..-!3 

.mw 

0.1!<^41.26 

0.21 

tmw 

... 

0.22. 

«— 

.. 

0.29 

0.38*0.  U 

w. 

0.1141.16 

•ms 

0.17 

— 

iXSO 

— 

0.79 

0.74 

wm- 

mm 

0.60 

Resistance  «(ff) 


Per  inch 
Ihicfcaess 
(l/kl. 
•F-ft^-fc 

For  thick¬ 
ness  listed 
(1/C), 

Specific 

Heat, 

Bin 

Stu-in. 

Bta 

Ib-T 

l.ll-0.a7 

0.22 

•w. 

2.0 

1.92-1.37 

1.23 

0.22 

1.71-1.28 

3. 7-2.5 

-m. 

mm 

3.3 

3.2 

— 

2.7 

— 

1.93-1.65 

mm 

4.2 

3.0 

m. 

3.2-i.90 

0.21 

6.8-t.4 

.m> 

3J-.1.9 

4.8 

4.5 

mm 

3.5 

•wm 

2.6-2.3 

... 

9.2-6.3 

mm* 

■mm 

5.8 

m.. 

C.08 

0.19 

mm 

1.26 

0.19 

1.35 

1.67 

METALS 
(Sae  Chapter 


.  Table  3) 


ROOFING 


Asbestos*\mni!nt  ihingics .  120  —  4.76  —  0.21  0.24 

Asphalt  rott  roofing . . .  70  —  6.50  —  0.15  0.36 

Asphait  siun.si« .  70  —  2.27  —  0.J4  0.30 

Built-up  rooting  . 0J73  in.  70  --  3.00  —  0.33  0.35 

Slam . OJ  in.  —  —  Ml.OO  —  0.03  0,30 

Wood  saingim.  plain  and  plastic  film  faced . .  — _ — _ i.06  _ ~ _ 0,31 


Spny  Applied 

Poiimrethane  foam .  1.3-2.?  0.16-0.18  —  6.:3*5..56 

UicafonnaidrJi!'de  footn .  0.7-i.6  0.22*0.28  — *  4.53-3,y> 

CcUuicsic  fiber .  3.3'6.0  0.2941.34  —  3.45.2.94 

Glais  fiber . 3.3-4.3  0.26-0.27  -  3.83*3.70 


PLASTERING  MATERIALS 

Cement  plaster,  send  itggrcgete . 

U6 

3.0 

C.20 

mm 

0.20 

Sand  aggregate  . 

. .0.375  in. 

15.3 

0.03 

0.2.0 

Sand  aggregau  . . . . . 

mm 

6.66 

mm 

0.15 

0.20 

Qyptom  planar: 

Lishtwetght  aggregate . . . 

43 

3.12 

mw 

0.32 

Ughtwei^t  asgregatc  . 

45 

mm 

2.67 

.m. 

0.39 

Lightweight  agg.  bn  metal  lath  . 

. 0.75  in. 

mm 

2.13 

m. 

0.47 

Peiiu  aicrtgiiu' . .  . . 

45 

1,3 

mm 

0.67 

OJX 

Sand  aiivregiUe . . . 

103 

5.6 

mam 

O.l? 

0.20 

Sand  aggregau  . . . . . 

....... .0.5  in. 

103 

mm 

11.10 

mw 

0.09 

Sand  aggregate . 

ICS 

mm 

9.10 

•m 

0.1 1 

Sand  aggregate  on  meta!  iatii . 

. . 0.75  in. 

mm 

7.70 

mm 

0.13 

Vcriruoditf,  tgstegate. . . 

45 

1.7 

mm 

0.59 

mm 

MASONRY  MATEIUAl^ 

Ciiwicrcrcs 

Cement  mortar .  103*135 

Cypsum-flber  concrete  V7.39h  gypsum, 

12.54h  wfiod  chips  . . . . . . . . .  51 

lightvjeight  aggregates  Induding  ex*  <30 

ponded  shuie.  cisy  or  slate;  exmuided  100 

slags:  cinders:  p«imtce;  vemuculii';;  SO 

also  ccUular  conoeies  60 

40 


3.0-10.5 

— 

0.2041.10 

— 

— 

1.66 

•m 

0.60 

0.21 

3.5-11,0 

mm 

0.1841.09 

mm 

3. 7-5,9 

m. 

0.2741.1V 

.m- 

0,20 

.?.3.3.3 

mm 

0.40.0.29 

•m 

0.20 

1.6-!. 8 

mm 

0.63-0.56 

wm. 

0.93-1.11 

m- 

I.OS-0.90 

mm 

.mm 

Theraial  and  Water  Vapor  Transmission  Data 
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Table  <  Tjr^leai  Thenaal  Properties  ef  Ccbiwob  BalldilBg  and  Insulating  Mat<rialt-~D<sign  Valacs*  (Conclu<ted) 


Dtseriptioa 


PeHite.  expanded 


Send  and  ^v«l  or  stone  agsregate 

(oven  dried) . 

Sand  and  sravei  or  none  sggrefue 

(not  dried) .  . 

Stucco . . . . . 

SIOINC  MATERJALS  (on  Hal  saiKace) 
Skingles 

AsiNstoS'Cianent . . 

Wood,  (6  is.v  74  «aq?o*ttre  . . 

Wood,  double,  l^in..  12-m.  exposure - 

Wood,  plus  intui.  baidter  board,  0.3I?d  in. 
Siribtr 

AtbenoiHuemcm,  0.23  in.,  lapped . . . . 

Mphalt  roll  riding . 

Asplwlt  insulaiing  ri(ring  (0.3  in.  bed.)  . . . , 

Hnxdboaid  siding.  0.4373  in . . . 

Wood,  drop,  i  by  &  In. . 

Wood,  bevei,  0.3  by  S  in.,  lapped . 

Wood,  bsvei.  0.73  by  10  in.,  lapped  . 

Wood,  plyv’ood.  0.373  in.,  lap^ . 

Ahnair.um  or  Steel',  over  sheathing 

Koliow.baclced . . . 

insulating'board  backed  nominai 

0.375  in . 

InMlating'board  backed  nominal 

0.373  in.,  foil  Imked . . . 

Arefcitccturei  gi^ . . . . . . 

WOODS  (t2«i  Motam  Content)  *•« 
Hardwoods 

Oak .  . 

Birch . 

Maple . . 

/tsii  . 

Softwoods 

Southern  Pine . 

Douglas  Fir-Larch . 

Southern  Cypress . 

Hem-Fir,  Spruce-Pine-Fir . 

West  Coast  Woods.  Ced&rs . 

California  Redwood . . . 


Oetniiy. 

Ib/f|i 

Cniiduc- 

liviiy* 

(*>. 

Bln -in. 

Conduc- 

lanc* 

(C). 

Btu 

Resistance  HR) 

Fer  inch  For  thick- 

Itiickness  ness  Ibted 

(1/A),  (1/C). 

•F-fl^-h  •F-fti-h 

Specific 

Kent, 

Blu 

IbT 

Btu - in. 

Btu 

30 

0.73-0.91 

1.33-1.10 

0.20 

20 

0.63-0.83 

•m. 

1.39-1.20 

mam 

30 

1.4-1. 8 

0.71-0.S6 

— 

40 

0.93 

«»» 

1.08 

— 

0.10 

30 

0.71 

1.41 

— 

20 

0.30 

— 

2.00 

— 

0.32 

idO 

S.(.)-16.0 

— 

0.13-0,06 

0.18-0.22 

(40 

10.0-20.0 

0.10-0.03 

0.19-0.24 

ise 

3.0 

0.20 

— 

130 

4.73 

0.21 

1.13 

0.87 

0.31 

am. 

0.84 

1.19 

0.28 

— 

— 

0.71 

1.40 

0.31 

AW 

4.76 

mum 

0.2! 

0.24 

_ 

6.30 

0.13 

0.33 

V. 

1.46 

0.33 

0.67 

0.28 

1.27 

0.79 

0.28 

1.23 

0.81 

0.23 

0.95 

LOS 

0.28 

— 

— 

1.39 

— 

0.59 

0.29 

— 

1.6! 

— 

0.61 

0.29 

— 

— 

0.55 

— 

i.32 

0.32 

0.34 

2.96 

— 

— 

10.00 

— 

0.10 

p 

o 

0.39" 

41.2'4tS.S 

1.12-1.25 

0.89-O.SO 

43.«-43.4 

1.16-1.22 

0.37-0.82 

39.3-44.0 

1.09-1.19 

— 

0.92-0.34 

•c. 

38.4-tl.9 

1.06-1.14 

0.944.88 

«c*» 

0.39" 

33.«-41.2 

1.00-1.12 

.w. 

1.000.89 

33.3-36.3 

0.93-1.01 

I.G6-0.99 

— 

31.4.33,1 

0.90-0.92 

1.11-1.09 

24.3-31.4 

0.74-0,90 

!.35-I.U 

emm. 

21.7-31.4 

0.68-0.90 

1.40-1.11 

w— 

24.3-23.0 

0.7A.C.82 

— 

1.35-1.22 

— 

■Vahiet  m  for  a  incan  lempnaiure  of  73^.  Repmcaiativc  values  for  dry 
naicrials  at*  inreodsd  its  doign  mei  spadOcMion)  values  for  maierials  in  ncr- 
asal  uie.  Thtrnaai  vrluia  of  iasalatiai  maictiais  niiy  difr<7  from  dcsiin  values 
dtpending  on  ibcir  ia-stiu  ptopanics  density  eed  moisiuie  eomcni,  orien- 
taiion,  etc.)  and  variability  tsptritnced  ditnog  rnsmifncture.  For  prop«ttie  of 
a  particuiar  produa,  us;  ilw  valut  luppttad  by  ib*  meaufasturtr  or  try  unbiased 
itsu. 

*To  obtain  tiienaai  conduoiviiia  in  Biu/b-  0*  *F,  dividn  Uic  k-factor  by 

12  m./fi. 

‘Rasistance  values  are  ibe  redprocals  of  C  bxfrv*  roauKlins  off  C  to  cam 
deeioMl  placet. 

^Uewis  (ISbT). 

*U4.  Dtpartmesii  of  Agriculture  <1974), 

fpocs  not  include  paper  bucking  and  facisg.  if  any.  Where  insuiai'on  forms 
e  boundary  trelleciivt  or  atherwiicl  of  as  fiinpuca.  see  Tablet  i  and  3  for  ihc 
iSMulMiag  vahit  o!  an  airspaet  with  the  appropriate  effective  cmiitance  and 
icmpcreiure  conditions  of  the  space. 

•CiNtdiJctivtiy  varies  wiih  fiber  diameter.  (See  Chapter  2C,  “3'aeiari  that  Af¬ 
fect  Thermal  Performance.”)  Ban.  bUnket.  and  Icoec-ftli  mintral  fiber  insula- 
itons  are  mmufaaured  lo  ichieve  specified  R-values,  ihe  taow  common  of  whidi 
are  Kntd  in  ihc  labtc.  Due  in  differences  in  manufaoiuring  procotes  and  matertals, 
Ihe  product  ihicknctscs.  dcnsiiks.  ami  ihct'iui  conductivities  vary  over  con- 
ssderaMt  fonges  for  a  specified  R-valuc. 

''Pnr  addiliunal  inl'ormaiion.  tec  Society  of  PIuskcs  Engineers  (SPI)  Oullnm 
UKM.  Values  3rr  tor  aged,  uniaced  hoard  MOck.  For  change  in  ccnductiviiy  wnh 


ate  of  espanded  polyurecJianc/poirisacyanuraie,  see  Chapter  20,  “Factors  timt 
Affect  Thtsmel  Performance.” 

'Vaiuo  art  for  aged  products  srith  fts-impcrmtable  facers  on  the  iwo  major 
surfaces.  An  alurainum  foil  facer  of  0.001  in.  ibicknen  o.-  greater  is  generally 
considered  impermeable  to  gam.  For  change  in  conductivity  «iih  age  of  expanded 
polyisocyanuratc.  soe  Chapter  20.  "Fonors  thai  Affect  Thermal  Performance,” 
end  SPI  Bulletin  UI08. 

itMularing  values  of  aceustkai  ill:  vaty,  depending  cn  density  of  the  board 
and  on  type.  ills,  aad  depth  of  pcrforationi. 

Values!  frr  fully  grouiri  bloek  may  be  approzimased  using  vsiiucs  for  con- 
dfsc  with  a  similar  uiui  wtishl. 

'Valuei  for  metal  sidiag  applied  over  Das  surfaces  vary  <rid.dy,  depending  ov. 
amount  of  vcwitaiicn  of  ainpucc  beneath  the  siding;  whether  airspace  is  rcfite- 
ave  of  nonrcflecUve;  and  on  uiickncn,  type,  and  application  of  iir^sdating  •ncking- 
board  used.  Valuei  given  art  averages  for  use  h  deiiipi  guides,  and  were  ob.ein- 
td  from  srreraJ  guarded  hot  boa  tail  (ASTM  C236)  or  calibrated  hot  bos  (A3TM 
C976)  on  hollow-backgd  types  and  lypes  made  vaing  backing-boards  of  wood 
fiber,  foamed  plastic,  and  glass  Hber.  Oepsnurcs  of  s  lOW  or  more  from  ihe 
values  giver,  may  occur. 

•Sec  Adams  (1971).  MacLean  (1941),  and  Wilkes  (1979).  The  concluctiviiy 
values  listed  arc  for  hw  transfer  across  the  grain.  The  icrmal  conduaiviiy  of 
-wood  varies  linearly  with  the  density  and  the  density  ranges  listed  are  those  nor¬ 
mally  found  for  the  wood  species  given .  If  the  deptiiy  of  the  wood  species  it  not 
known,  use  (he  mean  conductivity  value.  For  exirapalatioR  ic  other  moisture 
contents,  tile  following  empirical  esjoaiion  Oevelonrd  by  Wilkes  (1979)  may  be 
used: 
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4  Footaofeu  (0>w, «&</««?) 


i  -  0.17*1  f  Cl-W*  »  10*^  X  io-^.vrip 

1  *  0.01M 

«k*r*  If  ia  Otenity  bcn4  «a  vna^y  awM  in  stid  .W  U  th*  meiMur*  car.* 

UM  ia  paretw. 

*FFcai  Adam  (IfTl).  m  tatpi'daU  aquation  (or  itai  ipiadnc  beat  of  moiai  «rated 
at  ?.(*?  it  it  (oilMt: 


e  •  ?0-^  *  0.01  Ml 
"  ~'T\  *  O.OIM) 


where  tccounu  for  the  heat  of  torpiion  and  it  deflated  by 
A.-,  -  .WU.MI  X  lO'^  -3  )M  X  10”’. W) 
«hm  M  is  the  moisturt  consTni  in  ptrctni  l9y  fnvt. 


j  ^  '  16  in. 


Fig.  4  lasalatcd  Stacl  Fnmc  Wsiil  (Example  3> 


Tbe  Zone  Method  of  Calcalatlon 

For  srructuns  ’trith  widely  spaced  metal  members  of  substaa- 
bat  aoss'soaicnal  area.  dslcuUxion  by  the  isothermal  planes 
method  esn  result  in  taotmai  resi<tance  v^ues  that  aie  too  kw.  F:/r 
these  eoniLrucuoiu,  the  Zone  Method  can  be  used.  This  method 
iavolves  two  separate  nimputadoiis— one  for  a  chosen  limited 
portion.  Zone  A,  containing  the  highly  conductive  element;  tbe 
other  for  the  remaining  portion  of  simpler  construction.  Zone  B. 
The  two  computations  lure  then  combined  using  the  paraild  (low 
method,  and  (.he  avenge  transmittance  per  unit  overall  arsm  is 
calculated.  The  basic  laws  of  heat  transfer  are  applied  by  adding 
the  area  conductances,  C4.  of  elemenu  in  paFailel,  and  addurtg 
area  reds-auces,  R/A,  of  elements  in  series. 

The  surface  shape  of  Zene  A  is  detemuned  by  the  mend  ek* 
ment  For  a  metsl  boun  (see  Figure  5),  tbe  Zone  A  surface  is  e  strip 
of  width  IPtbstisonui7iedonthebeam.Foratodperpendiiculai 
to  panel  surfsces,  it  is  a  cirde  of  diameter  IV.  Tiie  value  of  is 
ealcuiated  from  ^uation  (1),  which  is  empiricaL  The  value  of  sf 
should  iiot  be  less  than  0.i  in.  for  still  air. 


Hg.  5  Gyp.sum  Roof  Oeck  on  Bulb  Tecs  (Example  4) 

Z7n(f  A  is  determinr.d  fr«ra  Equation  I  as  foflows: 

Tup  «de  ■  «  +  2sf  •  0.62S  +•  (2  x  !JI  (  «  3.62S  in. 

6c:t9m  side  (S'  <»  /w  +  St?  <•  2J)  <2  x  0.5)  •  3.0  in. 

Using  (he  larger  veiue  of  W,  the  area  of  Zon*A  it  (12  x  3.625)/t44  » 
■njieareaof'Zo/ifA'U^.O  -  0JQ2  ••  i.C^Sfr. 

To  desemine  arei  uaiuniitunce  for  Zoitt.A .  divide  the  stnwnire  within 
the  j^ne  !ns.u  Tive  sections  paiailei  to  the  top  and  bostoiin  turfacsi  (Fi(.ure 
5).  The  ana  conduiaance,  CA .  of  tash  section  is  cdculsied  by  adding  the 
area  fmnductanccs  of  iis  mvtal  and  nonmeul  paths,  .hi-ea  conductasices 
of  ti'A  scoioof  ate  convened  to  ana  tesisi-wcer..  R/A,  and  added  to  ob¬ 
tain  tiK  total  resisi&nce  of  Zo/it  .4. 


W  rnm^Jd  (I) 

wh'Sfv 

m  <■  width  or  diasieter  oi'  the  meta)  heat  peth  tenninal.  in. 
d  «  dimnee  Itom  pand  surface  to  rnetaL.  in. 

Cetienily,  the  value  of  W sheuid  be  ealcuiited  using  Et«iiauan  (1) 
for  each  end  of  rhe  metal  heat  path;  the  larger  value,  within  the 
iiiniu  of  die  basis  area,  should  be  lut^  as  illustraced  in  Example  4. 

Ctsinplc  4.  Caktilste  transmittance  of  the  roof  deck  shown  in  Figure 
5.  Tbe-bais  ai  24  in.  OC  support  glass  fiber  foim  boards,  gypsum  eoricreia 
and  built-up  roofing.  Conductivities  of  components  are;  steel,  314.4 
!Hu‘ihyh’ft***F;  gypsum  concreie.  KW  Btu-inyh-ft*-  ‘F;  and  giass 
fiber  form  boasd,  Btw  «t./h-  Conductance  of  bKiit-iip  roof¬ 

ing  is  2,90  &(u/h' 

Sotu!ic0;  The  bask:  3«a»  is  2  it^  (34  in,  by  !2  in  .1  with  a  i«e-bar  <n-in. 
long)  across  the  middle.  Thit  area  i$  divided  into  Zontt  ..4  auiU  B. 


1  n 

SKiion 

Awa  w 

CiMdxctscscc 

«  C-l 

C-l  A 

Air(outsida  (5 

0.3C2  X  6.00 

1.81 

0.53 

mph) 

Na  1.  Roofirtg 

0J0.2  X 

3.00 

0.906 

l.iC 

Na  2.  Gjrpsum 

0.302  X 

1.66/1.123 

0.446 

2.24 

concTdte 

No.  3,  Steel 

0.052  X 

314.4/0.615 

26.2 

0.04 

No.  3.  Gypsum 

0.230  X 

1.66/0.62S 

0.664 

concrete 

No.  4,  Steel 

0.0!C  >; 

314.4/1.00 

3.14 

0..31 

Na  4,  Glass 
Oberboani 

0.2*2  X 

003/1.00 

0.073 

No.  5  Steel 

0.167  X 

314.4/0.125 

420.0 

0.002 

Air  linsidcij 

0.302  X 

1.63 

0.492 

L03 

Total  R/A  -  6.27 

f 


l^ernaal  and  Water  Vapor  Transmission  Data 

AmtfintiB^ttiuiMafZaJi*.^  «  l/eJH  «  0.159. 

flir  ,5)  tb*  tnit  kttisawa  m  add«r)  an^  ttwa  nnvcncd  to  am 

ktnu'nuRaasK;  ns  in  the  foOmcint  table. 


Section 

Raslf  tanca,  R 

Ah' (outside,  ISsph) 

1/6.00 

•  0.17 

Roofing 

1/3.00 

«  0J3 

Gypsum  concma 

1.75/1.66 

«  1.05 

Glius  flbctbcwd 

14)0/0.25 

>  4.00 

f  Air  (inside) 

1/1.63 

-  0.61 

Tbtai  rutistuicc 

-  6.(4 

VA,  is  Oilculaicd  as  foUcnm; 

ZoHtB  m  I.69S  X  0.162  -  0.275 
ZomA  m  0.159 

Ibialafeainnsmittance  of  basic  area  >  0.434 
'niiunuttaiice  per  ■  0.434/10  ■  0J17 
Reststance  per  ft*  >  4.61 

O^ESsli  R>kia!acs  of  4 J7  and  4^5  *F*  ft^*  h/Stu  Itave  bten  measuR'i  in 
(varded  hot  box  tesu  of  a  similar  construction. 

Wbeit  tbs  seed  member  lepresenTs  a  reladvdy  larse  proportioa 
of  the  wml  heat  flow  path,  as  in  Example  4,  detailed  cdctiiations 
of  resistance  in  sections  3. 4,  and  5  of  Zone  A  are  unnecessary;  if 
only  the  steel  member  is  considered,  the  flnal  result  of  E.xampie 
4  is  the  same  However,  if  the  heat  flow  path  tepresenied  by  the 


22.11 

!iieei  usember  Is  small,  as  for  a  tie  rod,  detailed  calculations  for  sttc- 
dons  3, 4,  and  5  necessary.  A  panel  <A‘ith  an  internal  metallic 
structure  and  bonded  on  one  or  both  sides  to  a  metal  s  kin  or  cover¬ 
ing,  presents  special  problems  of  lateral  heat  flow  not  covered  in 
the  zone  method. 


Ceilings  and  Roofs 

The  overall  R-value  for  ceilings  of  wood  frame  flat  roofs  can  be 
calculated  using  Equndons  (1)  dirough  (5)  from  Chapter  20.  Pro- 
perdes  of  the  materials  are  found  in  lablcs  1, 2, 3,  and  4.  The  frac- 
den  of  framing  is  assumed  to  be  0.10  for  joists  at  16  in.  CC  and 
0.07  for  joists  at  24  in.  OC.  The  calculation  procedure  is  similar 
to  that  sbown  in  Evimple  L  Note  that  if  the  ceiling  contains  plane 
airspaces  (see  Table  2),  die  resistance  depends  on  the  direcuon  of 
heat  flow,  Le.,  whether  the  calculation  is  for  a  winter  (heat  flow 
up)  or  summer  (heat  flow  down)  condidon. 

For  ceilings  of  pitched  roofs  under  winter  condidons,  calculate 
the  R-value  of  the  ceiling  using  the  procedure  for  flat  roots.  The 
heat  loss  from  diese  ceilings  can  be  obtained  using  a  calculate^  at- 
dc  temperature  (see  Chapter  25).  Tkbie  5  can  be  used  to  den  one 
the  effeedve  resistance  of  the  attic  space  under  summer  com  .  jns 
for  varying  conditions  of  ventilarion  air  temperature,  airflow 
diiecdon  and  rates,  ceiling  tesiSiance;  roof  or  sol-air  temperatures, 
and  surface  emittances  (Jc.y  1958). 


Tabk'!  5  Effective  Ihermnl  Reshtance  of  Vsntilatcrl  Attio-'  (Summer  Condition) 
PART  A.  NONRElTXCnVE  SURFACES 


No  VMtifanhM*  Nemmi  VmilliiiiiaR 


Power  Veuk*t«iion‘ 


Vcuil!r.:iftM  Rate,  (fm/fl* 


0.1^ 


«di 


1.0 


U 


Vmlilatioo 

Air  Tamp.,  f 

Sol-Air' 
Tamp..  *F 

Ccilint  Rcsbitancc. 

a*,  r- 

ft'-h/Slu 

10 

20 

10 

20 

1® 

20 

10 

20 

10 

20 

120 

1.9 

1.9 

2.8 

3.4 

6.3 

9.3 

9.6 

16 

11 

20 

n 

140 

1.9 

1.9 

2.8 

3.5 

6.5 

w 

9.8 

17 

12 

21 

160 

1.9 

1.9 

2.8 

3.6 

6.7 

11 

10 

!8 

1.3 

4%s. 

120 

1.9 

1.9 

2.3 

2.8 

4.6 

6.7 

6.1 

10  - 

6.9 

13 

90 

140 

1.9 

1.9 

.7.6 

3.1 

5.2 

7.9 

7.6 

12 

8.6 

15 

160 

1.9 

1.9 

2.7 

3.4 

5,S 

9.0 

3.5 

14 

>0 

17 

120 

1.9 

i.S 

2-2 

2.3 

3.3 

4.4 

4.0 

6.0 

4.1 

6.9 

100 

140 

1.9 

1.9 

2.4 

2.7 

4.2 

6.1 

J.S 

8.7 

6.3 

10 

160 

1.9 

'..9 

2-6 

3.2 

f  0 

7.6 

7.2 

11 

3.3 

13 

PART  B. 

reflective  surfaces* 

120 

6J 

6.5 

3.1 

8.8 

13 

.  (7 

17 

25 

19 

30 

•0 

140 

6.5 

6.5 

8.2 

9.5 

14 

18 

18 

26 

20 

3! 

160 

6.5 

6.5 

«.j 

9.2 

(3 

18 

!9 

.77 

21 

32 

120 

6.5 

6.5 

7.5 

8.0 

It) 

!3 

J  *5 

1? 

i.1 

IV 

90 

140 

6.5 

6.5 

7.7 

8.3 

12 

15 

14 

20 

16 

22 

160 

6.5 

6.5 

7,9 

8.6 

13 

16 

16 

22 

13 

25 

120 

6.5 

6.5 

7.0 

7.4 

8.0 

10 

8,3 

12 

8.S 

12 

100 

140 

6.5 

6.5 

7.3 

7.8 

10 

12 

il 

13 

12 

!6 

160 

6.5 

6.5 

7.6 

8.2 

M 

14 

13 

18 

15 

20 

m 


^.MilMoah  ibe  tens  tfrccUve  ftUuinee  iv  rommohly  used  wbea  (here  ii  auic 
vcntilwion.  ibis  uMe  inetuOm  velua  for  siuitioM  wiib  no  vcniiUtion.  The  ef- 
feaive  resiiuncv  of  ibe  antic,  added  lo  um  toiMaoce  <1/10  of  the  ceiUnf  yieWr 
(be  efreetWe  rcsuiaiics  of  ttds  coinbinuion  bued  on  lol-air  (sec  (Thapter  26)  it-id 
rvom  acmpcraiufes.  ThcM  valuta  npply  to  wood  frainc  cooMoiction  with  «  rocil 
dicb  and  roefl^  abac  baa  a  co.iducuncc  of  1.0  Btu/h*n*-*F. 

"Thia  caandiuco  caniMX  be  achieved  in  the  held  unleaa  extreme  mraamres  ve 
taker,  to  ti|btly  atai  tbc  attic. 

‘Sued  Mt  air  diaebtrtiiit  outward  from  attic. 


^svhen  attic  vcniiUuion  meetr  the  rsouiremenc;  stated  in  Chapter  23.  O.i 
cfm/rt^  ia  saaumed  aa  the  natural  summer  ventilation  rate  for  dcs£|n  purposes. 

*Whcn  determinini  ceiline  rcaisiaiicc.  do  tic's  add  the  el'fect  of  a  rcilective  sur¬ 
face  facini  the  attic,  ai  it  is  accounted  for  in  Table  S.  Part  3. 

'Roof  surface  temperature  rather  than  soi-air  temricrature  (see  Chapter  26)  on 
be  uaed  if  0.23  it  subtracted  from  the  aitic  reaistv.nce  shown. 

*Surfaces  with  effective  emitt.snce  E  of  0.05  between  cetiitt'a  joists  facing  the 
attic  space. 
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Table  6  Tramailsilon  Cocffldcsstt  (in  tor  Wood  and  Site!  Doora,  Biu/h'ft^  'T 


iNMataal 

Dwar 

ThkiuKai, 

bi. 

D(aieriptia!i 

No 

Siorm 

Door 

■Wood 

Storm 

Door* 

M*u! 

StOfIR 

Do«r* 

Weeig  Deem*'  * 

Ivl/I 

Pand  >toor  wiUi  7/i6.in.  paacU* 

0.57 

0.33 

0.37 

1-3/3 

Hollow  core  (lusi:  door 

0.47 

0.30 

0.32 

i-3/« 

Solid  core  flush  door 

0.39 

0.26 

0.28 

1-3/S 

Panel  door  with  7/l6.ia.  pands^ 

0,57 

033 

0.36 

1-3/4 

Hollow  core  flush  door 

0.46 

0.29 

0.33 

14/4 

Panel  door  with  i-i,'8-io.  pends*' 

0.39 

0.25 

0.23 

i-3/4 

Solid  core  flush  door 

0.33 

0.28 

0.25 

X-1/4 

Solid  core  flush  door 

0.27 

0.20 

0..21 

StMl  D«wv'* 

1-3/4 

Fiberglass  or  uiinera!  wool  core  with 

steel  stiffiiisrs,  no  thermal  brealc^ 

0.60 

... 

1-3/4 

Paper  hone^'comb  core  without  thermal  break' 

O.fS 

ww 

.1-3/4 

Solid  urethane  foam  core  without  thermal  break* 

0.40 

wt.* 

1-3/4 

Solid  fire  rated  minei-al  ilberboard  core  without 

thenueJ  break  ' 

0.38 

1-3/4 

PetlyiKyrtnc  ^rore  without  thermal  break  (IS  gage 

ownmardal  ned)' 

0.35 

1-3/4 

Poh/styrene  core  withouot  thermal  break  (It  gage 

ecmmcrdal  sum!)' 

0.35 

— 

1-3/4 

Poiyuretheas  eore  withsut  thermal  break  (IS  gate 

iXROwerdal  steel)' 

0.29 

1-3/4 

Pstyuntliana  t.'ore  without  diermei  Invek  (24  gage 

eommcreiai  uesD' 

0.29 

... 

1-3/4 

PeSyuredune  ixee  with  thermal  break  and  wood 

perimeuir  (24  gage  imitiemiai  iteeil' 

009 

— 

1-3/4 

SoUd  urctbnne  foam  core  with  rlirrmal  break* 

0.19 

0.16 

0.17 

Nom:  Aa  SJ*OSffn  for  cnerhw  doon  is  tUt  c«M«  an  for  door»  with  ae  $!•*■ 
hat.  •net?',  for  tba  mm  dooni  «hieh  m  ta  sdditiwi  to  sha  mwi  cnaior  door. 
Aar  eiMteit  araa  ia  mnior  doort  anoU  ha  iodvdtd  with  tte  appraimait:  alart 
!$(w  aifi  eMlnxd  (m  Cbaaiin’  27).  latscvstasian  and  m«i«r.«u  ewvapaiaiiaR 
«ra  samncuii  for  door  ihkhcami  athir  dwn  ihoN  tpiiainaa. 

*^9bm  art  tiatad  oa  a  aooiiiuU  22  by  tC  in.  door  idM  with  »o  |Usin(. 


hOutlidc  air  niiciitioaa:  iJ  oiph  wind  ipatd.  OT  air  tcmptraturc:  intide  air 
eanditioM:  uatun)  conamion,  T0*F  ait  tmatraturt. 

<VatiMs  for  ««cd  Bonn  door  arc  for  approiiiBiattiy  20*%  si-'.*)  «ss. 
^VattMi  for  mtial  Borm  door  art  for  any  pnreaiK  |iau  area. 

*52**  paocl  area. 

^ASI'M  C  276  habox  data  oo  a  nomins!  2  by  7  ft  door  lira  with  no  |(»iiP|. 


Tbe  RcvaIuc  U  Uie  tool  resisunce  obuined  by  gdding  dis  seil- 
iiiiS  fod  efFeecive  utic  tesisatnees.  The  applicable  temperanxre  dif* 
ference  is  that  difference  betwee.n  room  air  and  sol^air 
tenperatures  cr  between  room  air  and  roof  tempemtures  (see 
Ibbtft  3.  fcotnote  f)-  Ibble  3  c.-ui  be  tuerl  for  pitched  and  flat 
lesidcntia!  roofs  over  attic  spaces.  When  an  attic  has  a  Hoar,  the 
eeilins  p»tstance  should  account  for  the  complete  ceiHng-rioor 
consmtetson. 

Windows  «cd  Doors 

The  U-&ctors  given  in  Ibble  13  of  Chapter  77  are  for  venicai 
(At->  windows,  glass  in  exterior  doon,  glass  doors,  and 
skylights).  The  values  were  computed  using  procedures  outlined 
in  Chapter  27.  The  U<facton  in  Ihbie  6  are  for  seterior  wood  and 
stcii  doon.  The  values  given  for  wood  doon  wen:  calculated ,  and 
those  for  steel  doon  wete  taken  from  hot  box  tests  (Sabine  ef  a/. 
!97S;  %Uotl  1965)  or  from  manufacturen’  test  reports.  An  out* 
door  surface  conductance  of  6.0  Btu/h*  was  used,  and  the 
indoor  surface  conductance  was  taken  as  1.46  Bt'j/'h*  ft***F  for 
venicai  surfaces  with  horizontal  heat  flow.  AU  values  given  ate  for 
exterior  doers  without  glazing.  If  an  ouerior  door  contains  glaz¬ 
ing,  the  glamg  should  be  analyzed  as  a  window,  as  illustrated  in 
Exmple  5. 

Ewuile  S.  Oetermine  the  U-faaor  of  a  wood  frame  icsidemia!  v/in- 
dow  containing  double  Lasulating  glau  with  0i.3-in.  airspace  for  winter 
conditions. 

SaiutioK  From  Chapter  27,  Ikble  13.  the  U-factor  of  the  eeuter  of  the 
Siass  portion  only  is  0.49  Btu/h*  rt***F.  The  wood  framer  of  the  window 


also  must  be  considered  when  deremtining  the  windr/w  U-factnr.  Refer- 
ring  to  Ikble  13  in  Chapter  27,  for  a  wood  franu  tvindow  of  ?Tuduet 
R  (see  Figure  7  in  Chapter  27),  the  U-fir,tor  is  alto  given  as  C.49 
Biu/h'ft^T. 

All  R-values  are  approximate,  sintx  u  signiflesnt  ponion  of  the 
resistance  of  a  window  or  door  is  contained  in  the  air  film 
resisunces,  and  some  psiametets  tha:  may  have  importint  effects 
are  not  considered.  For  etample,  the  listed  U-fa«t7nt  assume  the 
surface  temperatures  of  surroimdiRg  bodies  ate  equal  to  the  am¬ 
bient  air  temperaniie.  However,  the  indoor  surface  of  a  window 
or  door  in  an  actual  installation  may  be  exposed  to  nearby 
radiating  surfaces,  such  as  radirnt-heating  panels,  or  opposite 
vrails  with  much  higher  or  lower  ttmpentuns  than  the  indoor  air. 
^ur  movement  across  the  indoor  siiri  ia;  of  a  window  or  door,  such 
as  that  caused  by  nearby  heating  and  cooling  outlet  grilles,  in¬ 
creases  the  U-faaon  and  air  movement  (wind)  across  the  outdoor 
surface  of  a  window  or  door  also  increases  the  U  fa.ctor. 

For  windows  that  arc  sloped  or  horizontal.  Chapter  27  lives  a 
U-factor  conversion  table  (sec  lablc  1.1  Pan  S>,  Vaiuess  for  the  ver¬ 
tical  (90*  slope)  orientation,  such  as  those  shown  in  Part  A  of 
Tible  13,  are  converted  to  siop«d  (43  *)  and  horizon:^  (0*)  orien¬ 
tations.  Since  data  me  presentKd  Oiiiy  for  vet  deal,  horizonul,  and 
43-degice-sioped  glazing,  the  orientation  that  most  closely  ap¬ 
proximates  the  application  condition  should  be  used. 

(/,  Concept 

In  Section  4  of  ASHRAE  Standard  90A-1980,  “Energy  Con¬ 
servation  in  New  Building  Design,  ’  lequiremcnts  are  stated  in 
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wms  of  Uf,  «7here  t/,  h  ihc  corabined  ihemutl  traiumieusce  of 
J*e  (cspecdvs  anas  of  fitiss  etnricr  rnll,  loof  or  crillng  or  both, 
jMsit  floor  assenibli«s.  *rhe  U,  equation  for  a  w»il  is  as  follows: 

whtre 

Vg  m  aversfc  ihemai  tmunuttaiti»  oi  the  fTou  vntll  area 
><4,  *  gnm  wea  of  exterior  waUs 

■>  themtl  tnesniuaiue  of  all  tiemesu  of  the  Opaque  wait  area 
**  Opaque  well  area 

*  ihencaltiaauniuaiKe  of  the  window  area  (ificludinafranje) 
windsw  urea  (inciudtna  frame) 

*  ihermal  uansmittance  of  the  door  area 
m  doorareti 

Where  mote  rhaa  one  cype  of  wall,  tvindow,  or  door  is  used,  the 
IJA  term  for  that  exposure  should  be  txpai.ded  into  iu  sub* 
elements,  as  shown  in  Eqiution  (3). 

+  ^nr.Miww^niiiWwe  +  ff^u-1  1 

"*■  +  •••  +  (3) 

Eiaanplc  d.  Cilcuiate  {/,  for  a  wall  3Q  ft  br  8  ft,  construacd  as  in  Ex* 
ample  1.  Tlui  a«il  contains  one  window  80  io.  by  34  in.  and  a  second  win* 
daw  3d  in.  by  30  in.  Both  windo«.»*  are  eontirsicted  as  in  Example  5.  The 
««il  also  contains  a  I.7S*in.  solid  cote  flush  door  with  a  metal  storm  door 
>«  in.  by  so  in.  (</  ■  04J  Btu/h*  fr-  *F  ftom  Ihble  d). 

Soiutkm:  The  U-fa«xon  for  the  wall  and  windows  were  obtained  in  Ex* 
amples  I  and  5,  tespecdsely.  The  amts  of  the  different  eomponents  are; 


■  KW  X  34)  >  (26  V  30)1/144  «  21.7  ft- 

-  (14  X  80),'144  .  i8.'>  fr 

-  <30  X  8)  -  ;21.74-18.9)  -  199.4  fr 
Theieforc.  the  combined  thermal  tninxmii;ance  for  the  jvai!  is: 

0-  -  f0.i?78x  199.4)  V  (0.49x21.7)  *  (0.:jxl8,9) 

•  (30x8) 

-  0.13  Btu/h-  ft*  ’F 

Slab-on-Grade  and  Below*Gimde  Construction 

Heat  transfer  throush  basement  walls  and  floors  to  the  ground 
depends  on  the  following  factors:  (1)  the  difference  between  the 
uir  temperature  within  the  room  and  that  of  the  itraund  and  oist- 
side  air,  (2)  the  matericO  of  the  walls  or  floor.,  and  (3)  the  thermal 
conductivity  of  the  surrounding  earth.  The  lattct  vari«  with  local 
conditions  and  is  u.sualiy  utiknown.  Because  of  the  great  tltermal 
ineitia  of  the  suiTOunding  soil,  gfound  temperature  varies  wi:h 
depth,  and  there  is  a  sitbnantiai  time  lag  between  changes  in  out* 
door  air  temperatures  and  correspondittg  changes  in  ground 
temperatures.  \ii  a  n»uit,  ground'ccupled  heat  tiansfer  is  less 
amenable  to  steady-state  representadon  tlian  above-gzade  building 
elements.  Howevtnr,  several  simpUfied  procedures  for  estimating 
ground-cnupicd  heat  transfer  have  been  developed.  These  fell  into 
two  principal  categories;  (1)  those  that  reduce  the  ground  heat 
transfer  problem  to  a  closed-form  solutiou.  and  (2)  those  that  use 
sup.pis  regression  equations  developed  from  sutisiically  reduced 
multidimensional  transient  analyses. 

Closed-form  solutions,  including  the  ASHRAE  arc-length  piot 
cedure  discussed  in  Chapter  2.5  by  Latta  and  Boileau  (1969), 
senerally  reduce  the  problem  to  one-dimensional,  steady-state 
heat  transfer.  These  procedures  use  simple,  “effective"  U-factors 
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Table  7  Tiiilcal  Water  Vapor  Pennr.snce  and  PermenbiUiy  Valises  for  Common  Building  Materials* 


Thickness. 

Permeance. 

Resistance*. 

Permcahilily, 

Reshtiincv^iB.*, 

Material 

ta. 

Perm 

Rep 

Perm-in. 

Rep/  in. 

Caanrcciioa  Maieriab 

CoiiCRite  (1:2:4  mix) 

Brick  Riascr.ry 

4 

0.8f 

1.3 

3.2 

0.3! 

CcncnHc  hlocl;  (cored,  Umescone  aggregx'.e) 

8 

2.4' 

0.4 

UK'  masonry,  gtaanl 

< 

0.12» 

8  3 

Asbestos  cement  hoard 

0.12 

4-8" 

0.1 -0.2 

Vtith  ofl-baM  finishes 

0.3-0.5- 

2-3 

Plestet  on  metal  lath 

0.75 

IS' 

0.067 

riaurr  on  wood  iuh 

n« 

0.091 

Plaster  on  plain  sypsust  lath  (with  siuC::) 

20' 

0.050 

Gypsum  wall  hoam  (plain) 

0.375 

50' 

0.020 

Gypsum  snAOdiing  (aspiirli  Insprag.) 

0.5 

204 

0.05C 

Stntciurel  InsulaiinB  board  (shex’.hinf  quiU.) 

Sirucut'al  insiiladne  board  (imeriof,  urtcoaied) 

0.5 

50-99' 

0.020  4).0 11 

20-50' 

C.050-0.020 

HatUboHi'd  (standard) 

0.125 

n< 

0.091 

Hardboard  (tempered) 

0.125 

5' 

0.2 

Built-up  roofing  (hot  mopped) 

Wocis),.  susar  pitic 

0.0 

0.4.5.4'.‘> 

2.5-0.19 

Plywood  (douglas  fir,  fsttehor  glue) 

0.25 

0.7' 

!.4 

Plywood  (dcugUs  fir,  iniiarjor  glue) 

0.25 

1.9' 

0.3.1 

Acrylic,  glass  fiber  reinferced  fheet 

0.056 

0.124 

8.3 

Polyester,  glass  fiber  rein  forced  sh<«t 

0.048 

O.OS" 

20 

Theruial  Itasuiailem 

Air  (still) 

120' 

0.0083 

Cellular  glass 

0.0“ 

Oi 

Corkboard 

2.1-2  O'-’ 

0.48-0.38 

9.5-* 

o.n 

Mineral  wool  (imprete*;;«l) 

116" 

0.0086 

Expanded  polyurethane  (K-U  blown)  !>oard  stock 

0.4- l.e'." 

2.30.62 

.Expanded  polystyre.nr— c-xtrudec! 

1.24 

0.83 

Expanded  polystyrene— 

2.0-5.34 

0.50-0.17 

PItcnolic  foatfi  (coverint  removsri) 

26 

0.038 

Unicdlular  synthetic  iie<ibie  rubber  foam 

0.02-0. 154 

:50-6.7 
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Table  7  Typtoii  Watar  Vtpot  Penromac*  and  PenwaabUtty  Valaw  tor  Common  Building  Material*  ICoiteluded) 


We^hc. 
tfe/iw  ni 


I*sm«aiic«. 

ftma 


Rtsuiance* 

Reg 


Dry-Cna  W»i.Cup  Olhtr  Drjf<Ciip  Wet-Citp 


Oth«r 


I  Cct 


Plante  wA  M«ial  Foil*  md  FAvi* 
Aluadaun  feiil 
AluBifaiuni  foil 
Polyotbylca* 

Potifothyteac 

PebothytaM 

Palytdiytenc 

Polyoilltytetic 

Polyvinrtehlosvte,  napbmiete^tl 

Polyvinytehloride,  pluticteed 

Polytsur 

Polyontr 

P^yesttr 

CcUuIok:  scsate 

C«<!;aoK  Untttte 


SidMIag  popor,  fctt*.  3«olta«  pop«R< 

Doptex  i!ui^  Mpliaii  Icninu^.  alunldwn  foil 

OM  dda 

Sauraud  Mid  coated  roQ  mofina 
Kraft  paper  and  arpbait  lansdiuiEoi.  ramforeed 
30-120-30 

Blanket  ttedr-' '  nvJaiion  ttock-op  peper, 
atphait  oaeie& 

Aapbaa-ottuntid  and  soated  vapor  marder  poper 
Aahpfeal-sttttnted  biu  sot  coated  theathiaa  paper 
I5>((i  ssplwlt  felt 
ismr  tai  fdt 

filasle-knift.  doable _ 


6Ml 

0.04 

C9 

• 

c.oms 

O.OS* 

20 

G.aa 

0.1«4 

6.3 

3100 

Ci.004 

0.0«4 

12.5 

3100 

0.006 

0.06« 

17 

3100 

0.00C 

0.044 

25 

3100 

0.010 

0.034 

33 

3100 

0.002 

0.634 

1.5 

0.004 

O.S-t.44 

1.3-0.72 

0.001 

0.734 

1.4 

0.0032 

0.234 

4.3 

0.0076 

0.084 

12.5 

C.Ol 

4.ri4 

02 

0.125 

0.324 

3.1 

«.6 

0.002 

0.176 

500 

5.3 

d5 

0.05 

0.24 

30 

4a 

6.8 

OJ 

i.S 

3.3 

0.55 

6-2 

0.4 

0.6-I.2 

2.5 

1.7-0.24 

8.6 

0.6 

5.O.3.3 

1.7 

d.4 

3.3 

20.2 

0.3 

0.05 

14 

1.0 

.5.6 

1.0 

O.IS 

U 

4.0 

18a 

0.35 

0.055 

3.2 

31 

42 

0.032 

0.024 

LlattM«A|ipti*d  Coat^  Materialii  ThtekiMM,  la. 

Commeretel  latex  painu  (dry  ffini  thiekneu)' 


\f>ipor  smurdPi  pate' 

0.CQ3I 

0.4; 

2.22 

PTbacr-fCithr 

0.0012 

6.28 

0.16 

Vtnyi  Kttatc/scryilc  ptruaicr 

0.002 

7.42 

0.11 

Vlijjd-«cfylte  prirt 

0.00(6 

S.6.2 

0.12 

S«aii-flr*«  vin  -9.  etuunei 

0.0024 

6.6! 

0.15 

Exterior  eeryiic  and  trsm 

Paint-2  ctwa 

0.0017 

5.47 

0.18 

Aepbalt  pain;  oa  <  od 

Aldsiiaum  smiish  ww  wood 

a.3-0.5 

0.4 

3.3-2.0 

2.5 

Enarncb  on  satontK  pSaiter 

O.S-1.5 

2.0-0.66 

Primen  and  scalec*  on  iatchar  ituuladon  board 

0.9-2. 1 

1.1-0.48 

Variout  primer*  plus  1  r,  .t  (Ua  oil  paiui  on  piaster 

l.Vi.O 

0.63-0.33 

Flat  paint  or  iawior  iib  iiti«D  board 

4 

0.25 

Water  emuti^ion  on  iisir.fiar  iruuteums  board 

30-85 

0.03-0.012 

Weiffec,  OS/ft* 

Paint-3  ooau 

Extartor  pains,  wbitc  lead  aitid  oil  on  wood  siding 

O.3.I.O 

3.3- i.O 

Exterior  paint,  whita  Icad-rissc  oxide  and  oil  on  wood 

0.9 

1.1 

S^frene-butadtene  latex  coiutiaf 

2 

U 

C.09 

Potyvinyi  acetate  iatet  soaiuig 

4 

5.5 

0.18 

Cttlorotulfonated  polyethyicns  iTUitk. 

3.5 

I.T 

0.59 

7.0 

0.06 

16 

Asphalt  etu-back  naatte,  1/16  in.,  dry 

0.14 

7.2 

3/16  in.,  dry 

0.0 

Hot  mdt  espikdt 

2 

0,5 

2 

3  5 

0.i 

10 

'*Tbii<  tetee  pcnnlu  etMopartegwi  ar*  ootcriali;  but  in  ilu  iakcaon  of  vapoi 
lewder  tnsMrtiiu,  resa  far  jtmtttmet  ar  pormcabiUty  thouid  bt  idK.siiwd 

fien  Ub  aa!tau(9cuir.r  ar  tram  IsfcereiMy  ten*.  Tht  vabia  dic-wa  iodicM*  viria- 
tiafu  aaMna  Miean  vahiar.  t’or  inaieiiib  tW  arc  siiniyar  but  of  difraent  eiaaiity, 
ovimuaiea,  Im..  ar  iookc.  The  values  sbaute  nai  be  uaad  ns  deeiin  or  ipccidcs* 
(ion  (bes.  Vebtu  f'vet  liry-cup  and  w«i  cup  maihodi.  xretc  wwilly  obtuned  froin 
iRicsttfaiiaai  unn*  A.^M  E9A  avl  CiSii  vRiuea  stewn  Mndcr  ethen  roc  ob- 
u.-jfMjd  by  roacceipcratuK,  spasiBl  cell,  asd  sir  vetooty  meihods.  PtnncaiKK. 
roKWiee,  pemwatiliity,  acd  nuaenc*  )scr  unit  tlvakiMM  raSucs  arc  siver.  in  ihc 
faUav'ine  uiMu; 

l*»m  « tr/b*ffin,  H* 

Utmfimm  Rep  » in.  H*  •  fr  •  h/*r 

rwnvaW/iV;*  INitin  iB.  •  (tr/h-fl’- lin.  MC/in.) 

KtsuMtxr/uttu  tMKfmna  .ilep/in.  .«  (in.  H»’ Iti-h/erl/in. 


''Oftpendini  on  cciuirucviaa  end  dircciion  of  vspor  fiew. 

^l/Miaiiy  loxalkni  u  vaerar  rcunkn,  ahhoutli  iomesinKs  tued  as  exicrVar  (!'nishj 
and  dsrwherc  near  cold  side,  where  speani  ccnuderaiKnu  are  then  nstuired  far 
narm  (idt  banier  efreixivenees. 

'‘Dry-cup  SMSbod. 

*W«<np  method. 

'Otlier  (haa  dry-  ar  wet-cup  meihad.. 

'*1Low  pcrmeunce  ibnii  uicd  as  vapor  retarders.  Hifh  permeance  used 
rjiewhcr:  in  ctcuiniinion. 

‘‘Resistance  end  resuiancc/in.  values  have  been  caicuiaied  as  the  recipi'ocu! 
of  the  pcrmcaiicc  aisd  permcahili:y  vaitm. 

'Cast  ai  19  mib  wet  iilm  thickness. 
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or  fraund  tempcruum  or  both.  Methods  differ  in  the  various 
parameters  averaged  or  manipulated  to  obtain  these  effective 
values.  Closedoform  solutions  provide  acceptable  results  in 
dimaies  that  have  a  single  dominant  season,  because  the  domi- 
cant  season  penists  long  enough  to  permit  a  masonable  approx- 
imadon  of  st«ui)sstate  conditiosu  at  shallow  depths.  The  large  er¬ 
rors  i[perccauge)  that  are  Ulcely  during  transition  .seasons  shouid 
not  seriously  affect  building  design  dedsicns,  since  these  heat 
flows  are  relatively  insignificant  when  compared  with  those  of  the 
principal  season. 

The  ASMRAE  aie-length  procedure  is  a  reliable  method  for 
wall  heat  losses  in  cold  winter  cUmates.  Chapter  25  discusses  a 


slabon-giade  floor  model  developed  by  one  study.  Although  both 
procedures  give  results  comparable  to  trensicm  computer  solu¬ 
tions  for  cold  climates,  their  results  for  wanner  US.  climates  differ 
substantially. 

Reseaich  conducted  by  Hougccn  tt  al.  (1942)  and  Dill  er  al.  (1943) 
indicates  a  heat  flow  of  approximately  2.0  Qtu/h<  ft*  through  sp. 
uninsuiated  concnse  basement  floor  with  a  temperature  difference 
of  20*F  between  the  basement  floor  and  the  air  6  in.  above  the 
floor.  A  U-fttctor  of  0.10  Btu/h  is  sometimes  used  for  con¬ 

crete  basmeat  floors  on  the  ground.  Far  basement  walls  below 
grade,  the  temperature  difference  for  winter  design  conditictu  is 
greater  than  (at  the  floon  Ibst  results  indicate  that  at  the  midheight 
of  the  bdow-gradc  portion  of  the  btsement  vrail,  the  unit  area  heat 
loss  is  approxiinftteiy  twice  that  of  the.  floor. 

Pot  concrete  slab  floors  in  contact  with  the  grourtd  at  grade 
level,  tests  indicate  that  for  snail  floor  areas  (equal  to  that  of  a  25 
by  25  ft  house)  the  h<ret  loss  can  be  calculated  as  proportional  to 
Che  length  of  etposed  edge  rather  dherr  total  area.  This  amounts 
to  0.81  Btu,'h  per  linear  ft  of  expoted  cd(;e  per  *F'  difference  bet¬ 
ween  the  indoor  air  temperature  and  the  avertge  outdoor  iur 
teraperature.  Tills  value  can  be  reduced  appreciably  by  installing 
insulation  under  the  ground  slab  and  along  the  edge  be'.wecn  the 
floor  and  ehuning  waUs.  In  most  calcula  dons,  if  the  perimeter  itis 
is  calculated  accurately,  no  other  floor  losses  need  m  be  ecn- 
sidervd.  Chapter  25  contains  dau  for  load  calculatiotu  and  heat 
loss  valuer  for  beiow-grade  walls  and  floors  at  different  depths. 

The  second  category  of  simpUfled  procedures  tises  transient 
twc-d.unensional  computer  models  to  generate  the  ground  heat 
trarisscr  data  that  are  then  reduced  to  compact  form  by  regressior; 
analpis  (see  Mital&s  1982  and  1983,  Shipp  1983).  There  m'  ihe 
most  acmirate  procedures  available,  but  the  daubase  is  very  ex- 
pensivt!  to  generate.  In  addiuon,  these  methods  are  limited  to  ih*' 


Fig.  6  Surface  Resistance  as  a  Function  of  Heat  Tiansmissiun 
for  Flat  and  Cylindrical  Surfaces 


range  of  ciimatcs  and  consnvetions  specifically  examined.  Ex¬ 
trapolating  beyond  the  outer  bounds  of  tlie  regression  surfaces  can 
produce  signincanr.  errors. 

Water  Vapor  Tran.sinifsion  Data  for  Building  Components 

Table  7  gives  typical  water  vapor  permeance  and  permeability 
values  for  common  building  materials.  These  values  can  be  used 
to  calculate  water  v^por  flow  through  building  components  and 
assemblies  using  Equations  (.2)  and  (3)  in  Chapter  21. 


MECHA.N'ICAL  AND  INDUSTRIAL  SYSTEMS 
Thermal  Transmission  Data 

Thble  8  lists  the  uiennal  conduedvities  of  various  materials  used 
ar  industrial  insulations.  These  values  are  functions  of  the 
arithmetic  mean  of  the  temperatures  of  the  inner  and  outer  sur¬ 
faces  for  each  insulation. 


Heat  Loss  From  Pipes  and  Flat  Surfaces 

Thbles  9 A,  9B,  and  10  give  heat  losses  from  bare  steel  pipes  and 
flat  surface.?  and  bare  copper  tubes.  These  tables  were  calculated 
using  ASTNl  Standard  C  680,  “Pracuce  for  Determination  of 
Heat  Cain  or  Loss  and  tlte  Surface  Temperature  of  Insulatsd  Pipe 
and  Equipment  Systems  bv  the  Use  of  a  Computer  Program.” 
UKr  inputs  for  dicse  programs  include  operating  temperanire,  am- 
bietu  (cmper.tture  pipe  m;-  insulation  type,  number  of  ituulation 
layers,  and  tiucicness  for  each  layer.  A  projftram  option  allows  the 
user  to  input  a  surface  coefficient:  or  iurface  etrntumce,  surface 
oristitation.  and  wind  speed.  Tire  computer  uses  this  informaricn 
to  calculate  tlic  heat  flow  and  the  surface  temperature.  The  pro- 
graiTRs  calculate  the  siuface  coeffideRts  if  the  user  has  not  already 
suppiicd  them. 

Tile  equations  used  in  .ASTM  C  680  are: 

Aw  »  V I  +  l277(Wind)  W 

whtr* 

hr,  *  cQiiveaion  surface  coefficiem.  Btu/h*  ft‘*’F 
d  m  diameter  for  cylinder,  in.  R>r  flat  surfaces  and  large  cylinders 
id  >  24).  use  d  -  24 
«  average  'emperaiure  of  air  film.  *F 
At  m  surface  to  air  temperatuK  difference,  *F 
Wind  m  air  speed,  mph 

C  *  constant  depending  on  shape  and  heat  flow  condition 
w  1.016  for  horizontal  uylinden 
<B  1.233  for  longer  vertical  cylinders 
w  IJ94  for  vertical  plates 

>  1.79  for  horizontal  plates,  warmer  than  air,  fadng  upward 
m  0.89  for  horizontal  plates,  warmer  than  air,  facing  downward 
«  0.89  for  horizontal  plates,  cooler  than  air,  facing  upward 
•>  1.79  for  horizontal  plates,  cooler  than  air.  facing  downward 


■ 

where 


e  X  0.1713  X  10  •«((/.  +  459.6)*  -  (/,  +  4S9.6)-*] 

(U  -  O 


h,,^  « radiation  surface  coefneient.  Btu/h*  ft^*  "F 
(  ■>  surface  emitunce 
/,  ■  air  temperature,  *F 
f,  w  surface  temperature  °F 


(5) 


E.tampk  7.  Compute  total  annual  heat  loss  from  163  ft  of  nominal  2-in. 
bare  pipe  in  service  4000  h  per  year.  The  pipe  is  caning  steam  at  10  psi  and 
is  expoud  to  an  average  air  temperature  of  SO'F. 

Solution:  The  pipe  temperature  is  taken  as  the  steam  temperature  which 
is  239.4 *F.  obtained  by  interpolation  from  Steam  Tables.  By  interpolation 


22,16 


1989  Fundameirrals  Handbook 


ta‘SM«9Ab<.T!*«m  l«9*F«ad2ao*F,h<auk!«f  ftoasa24H.  pl(Mb2UJ 
Btn  li*  ft.  UBU«1  heat  Iom  from  tb*  tatira  liaa  U  215.3 
•tc/h*(t  X  1C5  Ift  X  «!flOh  •  m Stu. 

la  ctleulKiag  hciu  flow,  Eatunont  (9)  and  (SO)  firom  Chapter 
3C  geaenOy  an  used.  FbrdiaKDitoaiollnandaivi  pipe  and  ilt^g 
ii£es  tufer  to  the  Pipiaf  Haadboo);.  R<r  insuHadon  produce  dimen- 
sioiu  leteto  ASTM  .'SiBiubirdC  5i5,  Practice  for 

laner  aad  Outer  Diameters  of  Rigicl  ll'ienuiii.  fnxuSaUein  for 
Ntimfaai  Sizes  of  Pipe  aad  Tbbiag  (NFS)  Syrian.  ”  or  to  th«  in- 
sulatioa  nmnufacm^*  liutatute. 

Ezmaples  8  aad  9  illustrate  hew  Equatioot  (9)  and  (lOji  from 
Chapmr  20  can  be  used  to  detenniae  heat  Ioh  hom  both  Oat  and 
^lindrical  ntrfhces.  Figure  6  shg^n  sisrCace  nsi!suui«e  ai  a  func- 
don  of  heiu  traasmissioB  for  bc<th  flat  and  c^Undrical  surfaces. 
The  surfuii  emitcutce  is  assumed  to  be  0.85  to  ti.90  in  still  air  at 
30Tf 

Kaemale  g.  Compute  heat  loss  Ikon  a  bohar  watt  if  dt<  ioetrior  insula, 
ttaasurfooiiijipmtuieit  1100*Faael,amUcattdQairtempeaninisaO*F. 
The  wall  it  istulatad  with  44  la.  of  miaeral  fiber  block  and  04  in.  of 
miaaial  Obar  iosulatiaaaad  flaisbiBa  etmem. 

SoAtdanr  Assume  tbai  the  mean  MTupaiantR  of  the  minenl  flber  block 
is  1Q0*F,  tha  man  lampaanm  of  tiM  losulating  cemeu  it  200*F  aad  the 


surface  nsiscaiKte,  P.,,  is  Q.60. 

From  Tktie  S,  k|  «  0.62  and  kj  »  0.S0.  Usini  Equation  (9)  from 
Chapter  20: 

,  HOP  -  SO _ _  1020 

*  (44/0.62)  +  (04/0.S0)  +  0.60  8.48 

■  U04  3«u/h'fd 

As  a  check,  from  Figure  6,  at  1204  3tu/h'  fd,  P,  m  0.56.  The  mesn 
fernpertture  of  dts  lainsral  fiber  block  is: 

44/0.62  •  746;  746/2  «  3.63 

1100  -  I(3.63/!3.48K102(»)  «  UOO  -  437  -  663 'F 

and  the  mean  tempenuute  nf  the  iiuulatinii  cement  is; 

04/0.8C<  0.63:0.63/2  -  0.31:  7.26  +  0.31  ■  7.57 

UOO  -  i(747/8.4C){102C)l  -  UOO  -  911  -  189 'F 

Fromlkble  8.  at  663 *F,  A,  •  0.60;  at  I89*F.  A-  -  0.79. 

Using  these  adjusted  vnlues  to  recalcs  laic 

f  e  1020  _  ,  1020 

'  (44/0.60)  ♦  (04/0  79)  -r  046  "s.fiS 

•  117.4  BtuA'It^ 


Table  8  Typical  Thermal  Conductivity  (k)  for  Indnatrial  lasuladoits  at  Various  Mean  Temperatures  -  Desien  Values ' 


Malarial 

Accaplod 
Max.  Temp, 
for  Use*,  f 

Typical 

Deuity, 

Ib/fti 

Typical  CnnducU'vtry  A  In  BtU’in/h*rd  '"f  at  Mesa  Temp,  *F 

-100  -75  -80  -  25  0  35  50  75  ICO  200  300  500  700  900 

VANXCTS  AND  m.7S 

.M.UMINOSIUCATE  FIBER 

7-IOa  diaawter  Ober 

laoo 

4 

0.24  0  32  0.3V.  0.99  1.03 

2000 

64 

11.23  O.IC  0.*8  0.71!  0.95 

3a  iWamwer  fiber 

2200 

4 

0.22  0..W  0.43  0.59  0.74 

mineral  nBSR 

(Rock,  slag  or  glass) 

Blanket,  metal  iniaforcad 

1200 

6-12 

026  0.32  0,39  0.54 

iOOO 

244 

0.24  0.31  O..IO  0.61 

Blaakct,  ncxibic,  (tot-flber 

350 

<0.75 

0.25  C.26  0.24  0.3C  04  3  0.36  0.53 

orgaaie  bonded 

0.75 

0.24  0.23  0.27  0.29  0.?2  0.34  0.48 

1.0 

023  024  C.2S  0.27  029  0.32  0.43 

14 

021  023  0.23  0.25  0.27  0.24  0.37 

2.0 

0.30  O.lt  022  G.23  025  026  0.33 

3.0 

0.13  020  0.,21  0.22  0.23  024  0.31 

Blaakct,  flexible.  lextUe-fiber 

350 

0.65 

0.27  02«  029  0.30  0.31  0.32  0.50  C.6B 

organic  bunded 

0,75 

0.26  0.27  0.28  0.29  0.3  i  0.32  0.4S  0.66 

1.0 

0  24  O-Li  0.3.6  0.27  0.29  0.31  0.45  0.60 

14 

0.22  0.27  0.24  0.21  0.27  0.29  0.39  O.JI 

3.0 

0..‘>0  0.21  C22  0.a  0.24  0.15  0.32  0.*! 

Feb,  leinfaigid  organic  bonded 

400 

34 

0.24  0.25  0  16  0.27  0.35  0.44 

850 

3 

0.16  0.17  0.19  0.20  0.21  0.22  0.2.1  0.24  0.35  0.55 

LandiMged  and  fkiied  without  binder 

1200 

'4 

0.35  0.45  0.60 

•LOCKS.  aOABOS,  ANO  nPE  mSULATIOM 


MAGNESIA 

600 

11-12 

0.33 

0.74  0.42 

web  CALCIUM  SIUCATS 

1200 

n-iJ 

0.JS 

0.41  0.44  0.52 

0.62  0.72 

1100 

12-15 

0.63 

e.74  0.95 

CELLULAR  GLASS 

900 

1.5 

027  0.2S  0.29  O.JO  0..11  0.32  0.33 

0.35 

0.36 

0,42  0  49  0.70 

;.C3 

OUTOMACEOUS  SiUCA 

1600 

21-22 

0.64 

o.tii  on 

!9Ci) 

27-7i 

(1.70 

0.73  0.40 

MINERAL  FIBER 

Glass, 

Organk  bonded,  block  and  boMrds 

400 

3-10 

0.16  0.i7  0.11  0.19  0.20  0.r>  0.34 

c.;35 

0.26 

0.33  0.40 

Nonpue.Mai  binder 

1000 

3-tO 

0.26 

0.31  0.38  0.52 

Piste  iiisuUiMn,  slag,  or  glau 

350 

3-4 

0.,7O  C.21  0.22 

0.23 

a.2-1 

0,29 

.100 

3-10 

0.20  0.32  0.24 

0.25 

0,36 

0.33  0.40 

bcittfffj  block 

1000 

10-15 

0.33 

0.38  0.4.‘'  0.35 

two 

15-24 

0.32 

0..17  0.42  (i.i.2 

0.62  0.74 

Pipe  insulation,  slag,  or  glus 

1000 

10-15 

0.33 

8.38  0.4S  0.35 

Resin  binder 

15 

0.23  0.24  0.25  0.26  0.28  0.25 
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Accwu^  Typical  Typical  CftiwlucUVfcy  k  in  Biu  •  ln/(i  >  •  ‘K  «i  M«*«  Tamp.,  "F 

Max.  Ttnip.  OcaiSty,  - - - -  — — — — — - - — 

Maitrial  for  tJwi*.  »F  Ib/ft"  -100  ~T5  -  50  -  25  0  23  50  75  100  200  300  500  700  'MO 


RIGID  POLYSTYRENE 
ExtnidMi  (CFC-U  cap.) 

(vi!iQO(h  tkia  surface)  105  l.S-1.5 

MpKed  iMxds  l&S  1 

IJ3 

14; 

1.73 

1.0 

RICID  POLYURETHANE/ 

POLYlSOCYANURATf.*'*' 


Unlaced  (CFC-U  cxa.)  210  1.3-2 

RlGHl  POLYISOCYANURATE* 

Cts-impcnneeble  fattn  (CrC'U  exp.}  230  2.0 

RIGID  PKE.NOUC 

Ooiad  eeU  (Cf C-1 1 ,  CTC-1  l.l  «xp.)  3.0 

RUBBER.  Rigid  PcanuMi  130  4.3 

VEGETABLE  AND  ANIMAL  FIEEH 
Wool  felt  (pipe  insulation) _ UO _  20 


INSULATING  CEMENTS 
mineral  fiber  (Rock,  slag,  or  {^Mt) 

With  eolloviti  day  bander  ItOO  24-30 

Tvtcl'  hydaauUc  retting  bindci  1200  3G-<d 


LOOSE  HLL 

Celluloie  insulaiion  (milicd  puiveriMd 
pnper  or  wood  pulp)  2.3-3 

Mineral  fiber,  tU$,  rock,  at  glMS  3-3 

Perlite  (expanded)  3-3 

Silice  aerogel  1.6 

Vennicullu  (expanded)  7.4.2 

4-aS 


0.16  0.16  0.17  0.16  0.17  0.18  0.19  0.20 

0.17  0.19  0.20  0.21  0.22  0.24  0.23  0.26  0.2S 

0.17  O.IS  0  19  0.20  0.22  0.23  0.24  0.23  0.27 

0.16  0.17  0.19  0.20  0.21  0.22  0,23  0.24  0.26 

0.16  0.17  C.lt  0.19  0.20  0.22  0.23  014  0.23 

0.13  0.16  O.ll  0.19  0.20  0.21  0.22  0.23  0.24 


0.16  0.17  0.18  0.18  O.ia  0.1?  0.16  0.!6  0.17 

0.12  0,13  C.U  O.M 

O.ll  0.113  0.12  0.13.3 
0.20  0.21 0.n  0.23 

0.28  0.30  0.31  a..33 


0.49  0.33  C.61  0.73  0.83 
0  73  0.80  Q.S3  0.93 


C16  0.27  0.29 
0.19  0.2!  0.23  0.23  0.26  0,2S  0..;i 

01.2  0.24  0.23  0.27  0.28  0.30  0.31  0.33  0.33 

0.13  0.14  0.13  0.13  0.16  0.17  0.18 

0.39  0.40  0.42  C.44  C.4S  0.47  0.49 

0.34  0.33  0.38  0.40  0.42  0.44  0.46 


■Repreaemviv*  veluM  lor  .try  metctixtii.  whieii  it*  tmeneed  tr  deegn  (nnt  4gom*  potysrethene  foema  art  rermsd  by  itittnx  tan  pradue*  a  nxble  pro- 
tpedneation)  velutt  for  meitriala  in  nonml  uw.  insidxtioit  mtMTteU  in  acrual  duct  (witli  rcipea  to  .Ir),  but  most  *rt  blown  with  refrigerant  and  will  change 
Mrviee  may  hat*  thermal  vtlun  that  <rary  (rorn  dcitgu  vaiuei  derxnding  on  ilteir  ■  <witl'.  time, 
io-iittt  properties  (r.g.,  daniity  end  moisture  conicn.).  For  propertii.-,  of  t  pw-  ^Ste  Tablt  4,  footnote  h. 

ticuUr  product,  us*  tlit  vtduc'  supplki  by  dte  manuftourtr  'Sr  by  unbiwwd  inu.  *$«>  Tabic  a,  foatnutt  i. 

'^Thyu  ternthiraitim  art  giitxrtlly  accepted  a*  maxtiuunt.  Whet  apwaiing 
reaiperaturt  approechei  ihrM  Uiniu  follow  tht  mviufacturtr't  noommrv'aUona. 


From  Figure  6.  at  117,4  Btu/h*  ft*.  X,  •<  0  J6.  The  mean  tempemitite  of 
the  mineral  fiber  block  is; 

4J/0.6  -  7.30;  740/2  •  3.73 

1100  -  K3.7S/«.69)(1020)1  •  1100  -  440  -  660«F 

and  the  mean  Kmipwrature  of  the  insulating  cement  t: 

0.3/0.79  «  0.63:  0.63/2  «  041;  740  *  OJl  -  7.S! 
nOO  -  U7.,S!/8.69}U020)1  «  1100  -  917  -  183*F 

From  Thble  4.  at  660  *,  •  0.60;  at  183  •F,  -  0.79. 

Since  R,,  2-,  and  A-j  do  not  change  nt  these  vuiues.  q,  *  117.4 

auu'h-fi^. 

example  9.  Compute  hru  toss  per  spuarft  four,  of  outer  surface  of  ir.- 
suUtior.  if  pipe  temperature  Ls  I2CI0*F  and  unbiem  still  air  temperature 
it  80  *F.  7he  ptpe  «  nominal  ft-in,  stee!  pipe,  insulated  with  a  t;ominal  3-iii. 
thick  diatomaceotig  silica  as  the  inner  layer  and  a  nominal  2-in.  thick 
calcium  silicate  as  tlie  cuter  layer. 

Solkiiim  From  Chapter  33  of  the  1988  Equipment  Volume  r,  ■  3 41 
in.  A  nutninal  .3-iii.  thick  diaiomacaous  silica  insulation  to  fit  a  nominal 
6-in  tted  pipe  is  3 .02  in.  thick.  A  nominal  2  in.  thick  caldum  silicaie  in- 
suiation  to  Fu  over  the  3.02  in.  diatomxceous  silicn  is  2.08  in.  thick. 
Thetefose  r,  ■  6.37  in.  and  »  8.41  in. 

Assurne  (hat  the  inesui  tempeiesuce  of  the  diatomactous  silica  is  6C0*F, 
the  mean  tempciitun;  of  the  t»lcium  .silicate  is  230*F  and  the  surface 
(ttsisiaAce,  A,  is  040.  From  Tkbli;  8.  kf  m  0.66;  kj  «  0.42.  By  Equation 
(10)  from  Chapter  23: 

_ _ _ )2X  -  SO _ 

"*  “  iS.dl  hi  <6.33/3.3 O/O-Af I  +  18.41  ln(fi.41/6J3)/0.401  w  0.30 

'120 

“  iiT7.U0.66)  *  0.30  *  ^6-® 


From  Figure  6.  at  76.0  Btu/h '  ft;*,  X,  »  0.60.  The  mean  te.-nperaiute  of 
the  diaiomaccous  silica  it: 

3.43/0.66  •  8.26;  8.26/2  -  413 
1200  -  ((4.13/14.83)  (1120)1  •  1200  -  312  -  888*F 
tnd  the  mean  temperature  of  the  calcium  silicate  is: 

2J9/0.40  -■  3,98;  3.98/2  -  2.99;  5.2;  +  2.99  «  1143 
1200  -  I(1113/)4.aj)(!120);  «  1200  -  83U  -  330“F 


From  Thble  8.  k,  •  0  7?.;  kj  m  0.46.  Recalculating: 


_ _ ino _ 

*  ■  (5.43/0.72)  4-  (2.39/0.46)  -  0.60 


83.8Biu/h>fiA 


From  Figure  C  ,»£  £3.S  5)tu/)f  A,  ■  0.59,  "Die  mean  temperature  of 
the  cliatomaceous  silica  is: 

5.45/O.n  *»  7.37;  747 '2  -  3.7S 

1200  -  ((3.78/!3..16)(ll20)i  -  1.700  -  317  -  883 ‘F 


and  the  mean  irtr.peraiuie  of  the  calcium  silicate  is: 
249/0.46  -  340;  5,20/2  ■  2.60;  747  +  2.60  •  10.17 
1200  -  I(10.17/13.36)(U20)1  «  12C0  -  853  -  347»F 
From  Thble  8,  k)  »  0.72;  k-  w  0.46.  Recalculating: 


*  (3.43/0.72)  I-  (249/0  46)  +  0.39  “  * 

Since  R,.  k,.  and  k.  do  not  change  at  83.8  Btu/h  ■  RA,  this  is  q,. 
The  heat  Hew  per  ft-  of  the  inner  surface  of  the  insulation  is: 

Qo  “  0, •  83.8(8.41/341)  -  217  litii/ii-  Rl 
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Table  9B 


Heat  Lois  tram  Fist  Sarfatts  to  SiUI  Air  at  80  Btu/h'ft' 


Sarfura  iaiMc  T«aiatnnira.  *F 


Vertical  Surface 
Koriaaoiai  Surface 
radac  Up 
Horinotal  SurfSoi 
Ftciiii  Down 


Nominal  Take 
Stet.  hi. 


180 

380 

.380 

48b 

m 

m 

780 

880 

9«0 

1080 

2l2Jt 

333.1 

073J 

1338.6 

2321 a 

3298  0 

«S30.1 

6062.8 

7945.5 

l&23l..‘i 

2J4.7 

386.4 

1061.1 

1683.3 

2484.9 

3301.9 

ATISA 

6350.4 

8276.3 

10606.1 

183.6 

463.3 

86.i.4 

:3»9.6 

2112.8 

3038.4 

4217.S 

5696.7 

7.524.3 

9754.7 

1 

'able  10 

Heat  Loss  f 

from  Bare  < 

lioppe?  Tull 

«  to  Still  Air 

Tuba  ImMc  Temperatufe,  *1’ 
210  1<M 


71.9 

fLZ 

tll.S 

I49.S 

IM.S 

2::: 

257.1 

125.4 

191. 5 

456.9 

520.5 

513.9 
70T.6 
•29.0  ; 

1066.0  I 

iB7.4 

1324.4J 


Dull  (  ■  0.44 


Bh|hi  «  •  0.  )S 


Thermal  and  Water  Vapor  Transmission  Data 
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mioflsiui  rip« 

Ste.  ta. 


11  Recommtndtd  Ttaickntssts  for 


_ MINERAL  FIBER  (Flbttetw  lod  Bock  ^ool> 

Proctu  Ttmpmi«f«.  *F 


CALCIUM 


ThlckMu 
Hot  Lou 

Surfict  Ttmptmure 


ThidciMn 
H««  Lou 

Surfoct  Temperuun 


TtiickiMn 
Httt  Lou 

Surfoct  Ttmpefaturt 


ThiekMU 
Htai  lou 

Surfm  Temperature 


Thickiutu 
Heu  Lou 

Surface  Temperature 


Thickneu 
Heat  Lon 

Surface  Tettiperature 

Tuicktuju 
Heat  Lmi 

Surface  Temperature 


Thickoeu 

Lou 

Surface  Temperature 


3S0 

450 

sso 

2 

2V5 

3 

24 

33 

43 

76 

78 

n 

2 

2V5 

3W 

30 

41 

49 

78 

80 

79 

25^ 

3 

4 

33 

4J 

34 

77 

79 

79 

3 

3V5 

4 

24 

47 

61 

73 

77 

79 

950  1050  I  ISO  250  3S0 


.»V5 

S/i 

96 

114 

135 

86 

88 

89  1 

S'/i  S^i  6 

tot  !2S  1*2 

84  S8  90 

i'/i 

6 

6 

114 

157 

168 

85 

8? 

91 

4 

4 

S 

3 

88 

102 

8 

82 

86 

3 

59i 

IS 

189 

Ui 

89 

IV4  3!<5 

rO  220 

15  90 

i'A 

3 ‘a 

12 

249 

16 

91 

Thkirneu 
Heat  Lou 

Surface  Temperature 


Thickneu 
Heat  Lou 

Surface  Temr'erature 


Thickau* 

Heat  Lou 

Siirfacr.  Temperature 


Thickneu 
Hea;  Lou 

Surface  Temperature 


Thickneu 

216 

4 

4 

4 

:v6 

30 

Heat  Lou 

65 

105 

179 

268 

286 

Surface  Temperature 

n 

74 

79 

84 

_ *4_ 

Thickneu 

2>A 

4 

4 

4 

5W 

36 

Heat  Lou 

n 

123 

211 

316 

»35 

Surface  Temperature 

71 

74 

79 

__M _ 

84 

Thickneu 

2 

JVi 

4 

4V! 

316 

Plat 

Heat  Lou 

10 

14 

20 

27 

31 

Surface  Temperature 

V. 

74 

77 

80 

82 

6Vt  l-A 

332  3>3 

85  87 


9  10  10 

2'/: 

486  556  683 

U9 

K8  90  94 

74 

10  !0  to 

^lA 

32  -17  58 

12 

83  89  93 

■!3 

’CiNiwIl  manuiacturcr's  liietaiure  I'or  product  lemoeraiure  liniiiaiioni. 
Tabic  H  bated  on  typical  (.>pcraiin|  conditions, 65  *F  utnbicnl  leniperaiurc 


and  7. .5  mph  vr<i<d  .tfcctt.  ;ind  ir^ay  not  reprnent  jctuai  coiiuiiioni  oi'  cm.  Uni's 
for  Idickt'.rss.  heat  <ott,  ant*  suii.icc  icmncraiurc  irc  in  incttcs.  Biu/k'i'i,  and 
*F,  respectively 


2Z.20 


1989  Fundameti«.ab  Handbook 


Tabitt  11  Ktconiiatadert  Thickatats  («r  Ptpa  and  Eauipinini  liuuiatiwn*  (Concluded} 


SILICATE  CCLLCLAR  GLASS 


Pmaa  Tamptralan.  T  I  Pnmu  TMatramra.  *F 

«S0  7S0  aw  9S0  lOSO 


4 

no 

i 

m 

86 

3Vi 

266 

14 

7 

236 

88. 

8 

262 

88 

8V3 

300 

90 

i 

3: 

' 

■4 

5 

3V4 

7 

8 

9 

i 

(13 

203 

242 

232 

262 

308 

3. 

m 

S7 

89 

88 

88 

89 

. 

Procttt'  Twatratari. 

•r 

ISO 

3S0 

ISO 

450 

9S0  6 

1 

2 

2V3 

3 

13 

26 

3* 

31 

63 

75 

79 

82 

83 

85  1 

1 

■» 

;?.w 

3 

3Vi 

17 

29 

43 

57 

71  1 

76 

77 

80 

82 

84  1 

■ 

AVi 

90 

MOB.  MMIA  ^  « 

5 

106 

SV3 

123 

6 

142 

6 

167 

82 

84 

83 

87 

88 

91 

IVi 

3 

4 

4 

\2 

4lt 

60 

80  II 

16 

75 

80 

84 

4 

4V3 

3 

SM 

6 

6W 

82 

101 

lii 

142 

164 

ir 

213 

81 

83 

83 

S7 

89 

90 

92 

4 

4V3 

3 

3M 

6 

7 

8 

10$ 

129 

133 

178 

:ios 

224 

245 

83 

83 

17 

89 

91 

91 

91 

4 

53i 

m 

7Vi 

8 

9 

10 

304 

Ill 

237 

263 

307 

338 

372 

^87 _ 

S3 

u _ 

87 

89 

_ W _ 

_ 91 _ 

4 

5Vi 

6V4 

7', 6 

8V1 

9 

10 

233 

332 

239 

289 

320 

.367 

403 

*7 

^86 _ 

87 

_ 87 _ 

88 

90 

91 

- 

346 

644 

746 

SV1 

941 

10 

243 

Z32 

231 

3!2 

346 

381 

435 

ST 

j3< 

57 

88 

89 

90 

92 

4 

S'A 

69^ 

741 

8H 

9Vi 

tc 

287 

293 

323 

360 

397 

437 

497 

88 

87 

83 

_ 83 _ 

_ 89  _ 

90 

93 

4 

346 

7 

8 

9 

10 

10 

349 

333 

368 

409 

452 

498 

589 

88 

8M 

.89 

W 

___JW _ 

4 

_ _ 

646 

_ 

7Vi 

8 

9 

10 

10 

ilO 

339 

406 

475 

524 

576 

681 

89 

_ 84 _ 

36 

88 

89 _ 

_ 91_ 

94 

i'A 

64$ 

7V4 

IW 

9'/i 

10 

10 

29 

:!3 

36 

19 

43 

49 

58 

XI 

33 

84 

85 

(17 

89 

01 

m  s 

116  23 

rr 


2Vi 

4 

4 

4 

55 

90 

148 

214  Z 

74 

77 

_ 83  _ 

■39  1 

IVi 

A 

A 

4 

61 

IOC 

165 

73*  2.! 

74 

77 

S3 

90 

J  5W 

ITV  3*6 

H  90 


S>A  S'A 

489  «4 

9f  % 


33..  13 
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Table  AjtpansnC  Thcrwai  Conductivity  (A)  for  Various  Soils''.  Btu  ^  in./h  •  •  °F 


Sell  Dedgnstion 

Gravel 

Over 
0.079  in. 

Sand 

6,0X0  to 
0.079  In. 

Silt 

0.0002  to 
0.002  la. 

CUy 

Under 
0.0002  in. 

- - - 

4 

-1 

Dry  Density. 

10 

Ib/flJ 

r  20 

too 

!10 

220 

90 

110 

90 

100 

Fine  C.rushed  Quaru 

0.0 

>00.0 

0.0 

0.0 

12.0 

16.0 

Cruthed  Quam 

13.3 

79.0 

3.3 

n.5 

16.0 

22.0 

Craded  Ottawa  Saitd 

0.0 

99.9 

0.1 

10.0 

14.0 

Fairbanks  Sand 

27.3 

70.0 

2.5 

8.33: 

IC.5 

13.5 

JS.O 

LoweU  Sand 

0.0 

100.0 

0.0 

0.0 

8.5 

t!.0 

13.3 

Chens  River  Crrvrl 

80.0 

19.4 

0.6 

9,03: 

13.0 

Crushed  Feldspar 

23.3 

70.3 

4.2 

6.0 

7.5 

9.5 

Crushed  Granite 

16.2 

77.0 

6.8 

5.5 

7.3 

*0.0 

Dakou  Sandy  Loam 

10.9 

57.9 

21.2 

10.0 

6.3 

9.5 

13-t 

Cniahed  't'rao  Rock 

27.0 

63.0 

10.6 

5.0 

6.0 

7.0 

Ramsey  Sandy  Loam 

0.4 

33.6 

27.5 

S8.5 

4.5 

6.3 

10.0 

Northway  Fine  Send 

0.0 

97.0 

3.0 

0.0 

4.3 

5.3 

E.5 

Northway  Sand 

3.0 

97.0 

0.0 

0.0 

4.5 

6.0 

7.5a 

Hcnly  Cay 

C.0 

1.9 

20.1 

78  0 

4,0a 

S.S 

9.!>s: 

8.0 

10.0 

Fairbaius  Silt  Loam 

0.0 

7.6 

30.9 

11.5 

5.0 

9.0s: 

7.5 

lO.O 

Fairbanks  SU;y  Clay  Loam 

0.0 

9.2 

63.8 

27,0 

.5.0 

9.Ca 

7.3 

9.3 

Northway  Silt  Loan) 

t.O 

21.0 

64.4 

13.6 

1 

4.0s: 

7.0* 

6.0* 

7.0* 

Moisture  Conicru. 


*M(tsmd  «  a  Man  icnperaiun  of  40*F. 


Because  trial  and  error  techniques  are  tedious,  the  computer 
programs  previously  described  should  be  used  to  estimate  heat 
flows  per  unit  area  of  flat  surfaces  or  per  unit  length  of  piping, 
and  interface  temperau^res  including  surface  tempetatures. 

Several  methods  can  be  used  to  determine  the  most  effective 
thickness  of  insulation  for  piping  and  equipment,  liable  1 1  shows 
the  recommended  insulation  thicknesses  for  three  diflerent  pipe 
and  equipment  insulations.  Installed  cost  dau  can  be  developed 
using  procedures  described  by  the  Federal  Energy  Administration 
(1976).  Computer  programs  capable  of  calculating  thickness  in¬ 
formation  are  available  horn  several  sources.  Alsa  manufacturers 
of  insulatiotu  offer  computerized  analysis  programs  for  designers 
and  owners  u  evaluate  insulation  requirements.  For  more  infor¬ 
mation  on  determining  economic  insulation  thickness,  see 
Chapter  20. 

Chapters  3  and  20  give  guidance  concerning  process  control, 
personnel  protection,  condensation  control,  and  economics.  For 
spedfle  information  on  size .  of  commercially  available  pipe  in¬ 
sulation.  see  ASTM  Standard  C  383  and  consult  with  the  Ther¬ 
mal  Insulation  Manufacturers  Association  (TIMA)  and  its 
member  companies. 

CAI/.’ULATING  HEAT  FLOW 
FOR  BURXED  PIFEUNES 

In  calculating  heat  flow  to  or  from  buried  pipelines,  the  the:- 
mal  properties  of  the  soil  must  be  assumed,  lable  12  gives  the  ap¬ 
parent  thermal  conductivity  values  of  various  soils.  These  values 
can  be  used  as  a  guide  when  calculating  heat  flow  for  buried  lines. 
Because  most  soil  or  earth  contains  moisture,  thermal  conductivi¬ 
ty  can  vary  widely  from  the  values  given  in  Table  12.  Kernsten 
(1949)  discusjes  thermal  properties  of  soils.  Cualaw  and  Jaeger 
(19.^9)  give  method:  for  calculating  the  heat  flow  uking  place  bet¬ 
ween  one  or  more  buried  cylinders  and  the  surroundings. 
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Outdoor  air  that  nows  through  a  building  either  inten¬ 
tionally  as  ventilation  air  or  unintentionally  as  infiltration 
(and  rdiltration)  is  important  for  two  reasons.  Outdoor  air  is 
often  used  to  dilute  indoor  air  contaminants,  and  the  energy 
associated  with  heating  or  cooling  this  outdoor  air  is  a  significant 
space-conditioning  load.  The  magnitude  of  these  airflow  rates 
should  be  known  at  maximum  load  to  properly  size  equipment 
and  at  average  conditions,  to  properly  esdmate  avetage  or  seasonal 
energy  consumption.  Minimum  air  exchange  rates  need  to  be 
known  to  assure  proper  control  of  indoor  contaminant  levels.  In 
large  buildings,  the  effect  of  infiltration  and  ventilation  on 
distribution  and  interzone  airflow  patterns,  which  include  smoke 
dfCiJation  patterns  in  the  event  of  fire,  should  be  determined  (see 
Chapter  58  of  the  1987  KVAC  Volume). 

NAir  exchange  between  indoors  and  out  is  divided  into  ventila- 
on  (intentional  and  ideally  controlled)  and  infiltration  (uninten¬ 
tional  and  uncontrolled).  Ventilation  can  be  natural  and  forced. 
Natural  ventilauon  is  unpowered  airflow  through  open  windows, 
doors,  and  other  intentional  openings  in  the  building  envelope. 
Forced  ventilation  is  intention^,  powered  air  exchange  by  a  fan 
or  blower  and  inttke  and/or  exluust  vents  that  are  specifically 
designed  and  installed  for  ventilation. 

Infiltration  is  tmcontrolled  airflow  through  cracks,  intetstices, 
and  other  unintentional  openings.  Innitration,  exfiltracion,  and 
natura'  ventilation  airflows  are  caused  by  pressure  differences  due 
to  wind,  indoor-outdoor  temperature  differences,  and  appliance 
operauon.. 

This  chapter  focuses  on  residences  and  small  commercial 
buildings  in  which  air  exchange  is  due  primarily  to  envelope  in¬ 
filtration.  The  physical  principles  are  also  discus^  in  relation  to 
large  buildings  in  which  air  exchange  depends  more  on  mechanical 
veiuilaticn  than  it  does  on  building  envelope  performance. 

TYPES  OF  AIR  EXCHANGE 

Buildings  have  three  different  modes  of  air  exchange:  (1)  forc¬ 
ed  ventilation,  (2)  natural  ventilation,  and  (3)  infiltration.  These 
modes  differ  significantly  in  how  they  affect  energy,  air  quality, 
and  thermal  comfort.  They  also  differ  in  their  ability  to  maintain 
a  desired  air  exchange  rate.  The  air  exchange  rate  in  a  building  at 
any  given  time  generally  includes  all  three  modes,  and  they  all  must 
be  considered  even  when  only  one  is  expected  to  dominate. 

The  air  exch.tnge  rate  associated  with  a  forced  air  ventilation 
system  depends  on  the  airflow  rates  through  the  system  fans,  the 
airflow  resistance  associated  with  the  air  distribution  system,  the 
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airflow  resistance  between  the  zones  of  rhe  building,  and  the  air¬ 
tightness  of  the  building  envelope:  If  any  of  these  faaoi's  is  not  at 
the  design  level  or  not  properly  accounted  for,  the  building  air  ex¬ 
change  rate  can  be  quite  different  from  its  design  value. 

Forced  ventilation  affords  the  greatest  potential  for  control  of 
air  exchange  rate  and  air  distribution  within  a  building  through 
the  proper  design,  installation,  operation,  and  maintenance  of  the 
ventilation  system.  Forced  or  mechanical  ventilation  equipment 
and  systems  are  described  in  Chapers  1,  2.  and  10  of  the  1987 
HVAC  Volume.  An  ideal  forced  ventilation  system  has  a  sufficient 
ventilation  rate  to  control  indoor  contaminant  leveb  and.  at  the 
same  time,  avoids  overventilation  and  the  associated  energy  penal¬ 
ty.  In  addition,  it  maintains  good  thermal  comfort  (see  Chapters 
8  and  32). 

Forced  ventilation  is  generally  mandatory  in  larger  buildings, 
where  a  minimum  amount  of  outdoor  air  is  required  for  occupant 
health  and  comfort,  and  where  a  mechanical  exhaust  system  is  ad¬ 
visable  or  necessary.  Forced  ventilation  has  generally  not  been 
used  in  residential  and  other  envelope-dominated  structures. 
However,  tighter,  more  energy-conserving  buildings  require  ven¬ 
tilation  systems  to  assure  an  adequate  amount  of  outdoor  air  for 
maintaining  acceptable  indoor  air  quality. 

Natural  ventilation  through  intentional  openings  is  caused  by 
pressures  from  wind  and  indoor-outdoor  temperature  differences. 
Airflow  through  open  windows  and  doors  and  other  design  open¬ 
ings  can  be  used  to  provide  adequate  ventilation  for  contaminant 
dilution  and  temperature  comroi.  Unintentional  openings  in  the 
building  envelope  and  the  associated  infiltration  can  interfere  with 
desired  natural  ventilation  air  distribution  patterns  and  lead  to 
larger  than  design  airflow  rates.  Natural  ventilation  is  sometimes 
defined  to  include  infiltiation.  but  in  this  chapter  it  does  not. 

Infiltration  is  the  uncontrolled  flow  of  air  through  uninten¬ 
tional  openings  driven  by  wind,  temperature  difference,  and 
appliance-induced  presures.  Infiltration  is  least  reliable  in  pro¬ 
viding  adequate  ventilation  and  distribution,  because  it  depends 
on  weather  conditions  and  the  location  of  unintentional  openings. 
It  is  the  main  source  of  ventilation  in  envelope-dominated 
buildings  and  is  also  an  important  factor  in  mechanically  ven¬ 
tilated  buildings. 

VENTILATION  AND  THERMAL  LOADS 

Outdoor  air  introduced  into  a  building  constitutes  part  of  the 
space-conditioning  load,  which  is  one  reason  to  limit  air  exchange 
rates  in  buildings  to  the  minimum  required.  .Air  exchange  typically 
represents  20  to  40^0  of  the  building’s  thermal  load.  Chapters  25 
and  26  cover  thermal  lo.-ids  in  more  detail. 
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Air  eschaage  inotascs  a  building’s  themial  in  three  ways. 

Pint,  dw  mec  tning  air  must  be  heated  or  cooled  fram  the  outdoor 
air  teuipksnmire  to  the  indoor  air  temperature.  The  rate  o  f  energy 
consumpiicn  is  given  by: 

Q,  •  60  Q  a  (1) 

where 

<■  sensible  heat  lead,  Biu/h 
Q  w  tirncw  nta  cfin 
0  ™  air  dciiAiy,  (about  0.075) 

Cj,  m  ipccitk  beat  Of  sir;,  Bru/lb*F  (about  0.34) 
at  ■  indoor'outdoor  tnapenture  idfferatcc,  ^ 

Second,  air  exchange  increases  a  building's  moisture  content, 
pox  dcularty  in  the  summer  in  some  areas  when  humid  outdoor  air 
must  be  dehtanidifled.  The  tats  of  energy  consumpti  on  assodatsd 
witlylrese  latent  loads  is  given  by: 

(2) 

where 

■  tsiem  heat  loads,  Btu/h 

m  iMctu  heat  of  repot  at.  the  approptiacs  air  tenip«rat'ire. 
Stu/Ib^  (about  lOOC) 

hfy  m  humidity  mtic  of  indocr  air  minus  humidity  ratic  of  out* 
door  ait,  Iba  Muer/thadryasr 

Fiaafly,  air  esebange  can  increase  a  building’s  thennai  loads  by 
decreaiiiig  the  perfonsaace  of  the  envelope  tmuladon  system.  Air 
flowing  around  and  through  the  insulation  can  increase  heat 
transfer  tales  above  design  tales.  The  effea  of  such  aiiflow  on  in* 
suladon  system  pmfottnance  is  difficult  to  quantify,  but  should 
be  considered.  Airflovt  within  the  insulation  system  can  alro 
decrease  the  system's  (terfomuince  due  to  moisture  condensieg  in 
and  on  the  tnsulmion. 

VENTUAXION  AND  AIR  QUALITY 

Outdoor  air  Rquirements  have  been  debated  for  own  a  century, 
and  difTerem  ladonailes  hove  produced  radically  dUfferetu  vendla- 


Tabie  1  Indoor  Air  Pollutants  In  Residential  Buildinqs 


Sowces 

IPoUeuwt  lypes 

oimsooR 

Anbiem  air 

SOj.  NO.  NO;,  Oj,  hydro- 
earbons,  C6,  particulates 

Moior  vehides 

CO,  Ph,  hydrocirboivs. 
particulates 

SoU 

Radon 

INDOOR 

BuUdlni  eoiutruction  ttuiteriah 

ConerRK.  now: 

Radon 

Panklcboard,  plywood 

Formaldehyde 

IiuulatioD 

Fonnaide-Hyde,  fiber  glass 

File  rctardiiot 

Asbestos 

Adhesives 

Organics 

Paint 

Meieunr,  organics 

Building  Comenu 

Heating  and  ctMking 

CO,  NO,  NO-,  formal- 

combustion  appliances 

dehyde,  particulates 

Furnishings 

Organics 

Water  service;  natural  gss 

Radon 

Human  occupants 

Mctaboisc  activity 

HA  CO;,  NHi,  odors 

Human  activities 

Tobacco  smoke 

CO,  NO;,  organics, 
particulates,  odors 

Aerosol  spray  devices 

Fluorocarbons,  vinyl  chloride 

Cleaning  and  cooking  products 

Organics.  NH),  odors 

Hobbies  and  crafts 

Organics 

tion  standards  (Kbuss  er  a/.  1970,  Vhglou  1936, 1937).  Conside-m- 
tiODs  have  included  the  amount  of  air  required  to  remove  exhal¬ 
ed  air  and  ut  control  interior  moisture,  carbon  dioxide  (CQ^,  and 
odor  (see  Chapter  12). 

The  maintenance  of  carbon  dio.\idc  (CO  J  levels  is  a  common 
criteria  for  determining  rentilation  rates.  A  representative  value 
of  CO*  produaion  by  a  sedentary  individual  who  eats  a  nomtal 
diet  is  0.011  cfm.  When  steady  state  is  reached  in  a  veniilaied  space 
in  which  no  removal  mechanisms  for  CO;  exist  other  than  ven¬ 
tilation,  the  concentration  of  CO*  is  given  by; 

C/  -  Cg  c  F/Q  (3) 

where 

C,  »  coiicentraiion  of  CO- inside  (hs  space 
Cf,  *  cancentmtion  of  CO:  outside  the  space 
F  -  gmention  rate  of  CO-.  cfm 
Q  »  reniiUtion  race  (outdoor  air  only),  cfm 

The  ventilation  rate  per  penon  required  to  maintain  the  indoor 
CO;  level  at  some  pre-sc-nbed  limit  i.s  given  by: 

Q  »  (0.011  X  100)  /  IC4(»»)  ••  Cgi'^o)]  (4) 

A  typical  outdoor  concentration  for  CO*  is  0.03*’«. 

ASHRAE  Standard  62  spedries  ventilation  rates  required  to 
maintain  acceptable  indoor  air  quality  for  a  variety  of  space  uses. 
The  standard  contai.as  a.  basic  requirement  of  15  cfm  of  outdoor 
air  per  person,  bathed  on  a  CO*  concentration  limit  of  O.lFd. 
While  normal  healthy  people  tolerate  0.3^#  CO*  without 
undesin  ble  symptoms  (McHattie  1960)  and  submarines 
sometimes  operate  with  CO*  in  the  atmosphere,  a  les  el  of 
0.17t  provides  a  safety  factor  far  increased  aaivity,  unusual  oc¬ 
cupancy  load,  reduced  ventilation,  and  control  of  odor;. 

Alterr.ativeiy,  Standard  62  can  be  complied  with  by  maintain¬ 
ing  the  concentrations  of  certain  contaminants  within  limits 
prescribed  by  the  standard  through  some  combination  of  source 
control,  air  treatment,  and  ventilation.  Ihbie  1  lists  some  con- 
uminants  of  concern,  elittsined  according  to  source  type  (Serk 
etal.  1979). 

In  cases  of  large  conianiinant  source  strengths,  impracticaliy 
high  levels  of  ventilation  are  required  to  control  contaminant 
levels,  and  other  methods  of  contra!  are  more  effective.  Removal 
or  reduction  of  contaminant  sources  is  a  very  effective  means  of 
control.  Construction  materials  with  low  ccnuuninaiu  emission 
rates  should  be  spedHed  when  possible.  Sealants  can  be  used  in 
some  situations  to  prevent  outgassing.  Spot  ventilation,  such  as 
range  hoods  or  bathroom  exhausts,  for  controlling  a  iocalucd 
source  is  also  effeciive. 

Particles  can  be  removed  with  various  types  of  air  filters. 
Caseous  conuuninanu  with  higher  inolecuiar  weight  can  be  con¬ 
trolled  with  activated  carbon  or  alumina  pellets  impregnated  with 
substances  such  as  potassium  permanganate.  (Chapter  10  of  the 
1988  H  VAC  Volume  has  information  on  air  cleaning.  Standard  62 
allows  adequately  cleansed  air  to  be  substituted  for  outdoor  air. 
The  ctrcuiatian  rate  must  increase  but  energy  may  be  saved  in  con¬ 
ditioning  outdoor  air.  Each  contaminant,  and  an  appropriate 
deansing  method,  needs  to  be  considered. 

Source  control  and  local  exhaust,  as  opposed  to  dilution  with 
ventilation  air.  is  the  method  of  choice  in  industrial  environments. 
The  practice  of  industrial  ventilation  is  well  developed,  and  is 
discussed  in  Chapters  41  and  43  of  the  1987  HVAC  Volume,  and 
the  ACGIH  Industrial  Ventilation  Manual  (1986). 


Natural  ventilation  and  infiltration  are  driven  by  pressure  dif¬ 
ferences  caused  by  wind,  temperature  differences  between  indoor 
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and  outdoor  air  (stack  e^ect),  and  the  operation  of  appliances, 
such  as  combustion  deviem  and  mecitanical  ventilation  systems. 
Ipie  pressure  difference  at  a  location  depends  on  the  magnitude 
pf  these  driving  mecltanisins  as  v^ell  as  on  the  charaaetistics  of 
the  openings  in  the  building  envelope,  Lt.,  their  locations  and  the 
teiationsbip  between  pressure  difference  and  airflow  for  each 
opening. 

Pressure  differences  across  the  building  envelope  are  based  on 
the  lequirement  that  the  mass  flow  of  air  into  the  building  equals 
the  mass  flow  out.  In  general,  density  differences  between  indoors 
and  outdoors  can  be  neglected,  so  the  volumetric  airflow  rate  in¬ 
to  the  building  eqiols  the  volumetric  airflow  rate  out.  Based  on 
this  assumption,  the  etrrelope  pressure  differences  can  be  deter¬ 
mined:  however,  such  a  determination  requires  a  great  deal  of 
detailed  information  that  is  essentially  impossible  to  obtain. 

When  wind  impinges  on  a  building,  it  creates  »  distribution  of 
staUc  pressures  on  the  building’s  etterior  surface,  which  depends 
on  the  wind  direction  and  the  location  on  the  building  exterior. 
This  pressure  distribudon  is  independent  of  the  pressure  inside  the 
building,  p/.  If  no  other  forces  act  on  the  building,  if  no  indoor- 
o^oor  temperature  differencs  exists,  and  if  no  appliance  forces 
air  through  the  building,  the  pressure  differences,  in  cotutant 
units,  are  determined  by  the  interior  static  pressure,  according  to: 


4p  «  po  +  p„  -  p;  (5) 

tp  »  pressure  diffemee  between  outdoors  and  indoors  at  the 
location 

Po  w  Static  pressure  at  reference  height  in  the  undisturb¬ 
ed  flow 

Pw  w  wind  pressure  at  the  location 
Pi  w  interior  pressure  at  the  height  of  the  location 


If  no  indoor-outdoor  temperature  difference  ousts,  the  interior 
^tatic  pressure  p/  decreases  linearly  with  height  at  a  rate  depen¬ 
dent  on  the  interior  temperature.  This  rate  of  pressure  decrease 
equals  -  8^  where  «/  is  the  interior  air  density  and  g  is  the  ac¬ 
celeration  ui  gravity.  The  interior  static  pressure  assumes  a  value 
such  that  the  total  airflow  into  the  building  equals  the  tool  airflow 
out  of  the  building,  llie  interior  stadc  pressure  may  be  determined 
by  calculating  the  airflow  through  each  opening  as  a  function  of 
the  intmor  pressure,  adding  all  of  these  airflow  rates  together,  set¬ 
ting  this  sum  equal  to  zero,  and  solving  for  the  interior  pressure: 
However,  to  solve  for  the  interior  pressure  in  this  way,  the  location 
of  each  opening  in  the  building  envelope,  the  value  of  p,,  at  each 
opetiing,  and  the  relationship  between  airflow  rate  and  pressure 
difference  for  each  opening  must  be  known. 

When  an  indoor-outdoor  temperature  difference  exists,  it  im¬ 
pose  a  gradient  in  the  pressure  difference.  This  pressure  difference 
is  a  function  of  height  and  temperature  difference  and  may  be 
added  to  the  pressure  difference  due  to  wind  in  Equation  (5).  The 
prosure  difference  is  now  expressed  as: 


ip  -  Po  +  +  Ap,  (6) 

The  parameter  p,,,  is  the  interior  static  pressure  at  some 
reference  height,  and  this  pressure  again  assumes  a  value  such  that 
the  total  inflow  equals  the  total  outflow.  A  summation  of  all  the 
airflows  through  these  openings  can  be  set  up.  set  equal  to  zero, 
and  solved  for  the  interior  pressure  at  the  reference  height. 

When  an  appliance  such  as  a  combustion  device  or  a  ventila¬ 
tion  fan  operates,  an  additional  airflow  is  imposed  on  the  building. 
The  pressure  difference  is  still  calculated  using  Equation  (6),  but 
the  interior  pressure  py^  changes  so  that  the  balance  between  in¬ 
flow  and  outflow  is  maintained.  This  balance  necessarily  includes 
the  airflow  latefs)  associated  with  the  appliancefs). 

To  determine  the  pressure  differences  across  the  building 
envelope  and  the  corresponding  air  exchange  rates,  the  exterior 


pressure  distribution  due  to  wind  and  the  'oesaion  and  airflow 
rate/pressurc  difference  relationship  for  every  opening  in  the 
building  envelope  are  needed.  These  inputs  are  difficult  tc  obtain 
for  any  given  building,  making  such  a  determination  unrealistic. 

Wind  Pressure 

Wind  pressures  are  generally  positive  with  respect  to  the  static 
pressure  in  the  undisturbed  airstream  on  the  windwa-td  side  of  a 
building,  and  negative  on  the  leeward  side.  Pressures  on  the  other 
sides  are  negative  or  positive,  depending  v?n  wind  angle  and 
building  shape.  Static  pressures  over  building  surfaces  are  almost 
proportional  to  the  velocity  head  of  the  undisturbed  ai.Tstre;uin. 
The  wind  pressure  or  velocity  head  is  given  by  Bernoulli's  equa¬ 
tion,  assuming  no  height  change  or  head  losses: 

Py  «  C,  C^v-’/2  (7) 

when 

p,  •  surface  pressu-e  relative  to  the  static  pressure  in  the  un¬ 
disturbed  fl'  ,  in.  of  water 
e  a  air  aensity,  tb;„/ft'’  (about  0.075) 

V  ■  wind  spe^  mph 
Cp  «  surface  pressure  coefficient 
C|  -  unit  conversion  factor  *  0.0129 

Therefore  Equation  (5)  can  be  rewritten  as 

Ap  *  Po  t-  C,Cpfiv-’/2  -Pi  (8) 

is  a  function  of  location  on  the  building  envelope  and  wind 
direction.  Chapter  14  (Airflow  Around  Buildings)  provides  addi¬ 
tional  information  on  the  values  of  Cp.  Although  standard  con¬ 
ditions  are  frequently  used,  the  air  density  and  consequently  the 
wind  pressure  can  vary  for  a  given  wind  speed  with  changes  in 
temperature  and/or  elevation.  For  example,  for  an  elevation  rise 
from  sea  level  to  5000  ft,  or  an  air  temperature  change  from  -  20  * 
to  70*F,  the  air  density  will  drop  about  20^t.  If  these  elevation  and 
temperature  changes  occur  simultaneously,  the  air  density  will 
drop  by  about  457o.  Therefore,  the  effects  of  local  air  density  can¬ 
not  be  ignored. 

The  wind  speed  incident  on  a  building  is  generally  lower  than 
the  average  meteorological  wind  speed  for  a  region,  and 
meteorological  dau  usually  overestimates  wind  pressures  on  a 
building.  Building  wind  speeds  are  lower  because  of  effects  of 
height,  terrain,  and  shielding  (Lee  et  al.  1980).  The  wind  speed  is 
zero  at  the  ground  surface  and  increases  with  height  up  to  an 
altitude  of  about  2000  ft  above  ground  level.  Meteorological 
measurements  typically  are  made  at  a  height  of  33  ft  in  open  areas. 
Residential  building  heights  are  generally  less  than  33  ft  and  are 
therefore  subject  to  lower  wind  pressures.  11111  buildings  are  sub¬ 
ject  to  a  range  in  wind  speed  over  the  height  of  the  building,  ex¬ 
posing  the  exterior  to  wind  pressures  that  are  both  lower  and 
higher  than  estimates  based  on  Equation  (7). 

The  shielding  effects  of  trees,  shrubbery,  and  other  buildings, 
within  several  building  heights  of  a  particular  building,  produce 
large-scale  turbulence  that  not  only  reduces  effective  wind  speed 
but  also  alters  wind  direction.  Thus,  meteorological  wind  speed 
data  must  be  reduced  carefully  when  applied  to  low  buildings. 
Chapter  14  provides  additional  guidance  on  estimating  wind 
pressures. 

The  magnitude  of  the  pressure  differences  found  on  the  surfaces 
of  buildings  varier  rapidly  with  time  because  of  turbulent  fluctua¬ 
tions  in  the  wind  (Grimsrud  et  al.  1979,  Etheridge  and  Nolan 
1979).  However,  the  use  of  average  wind  pressures  to  calculate 
pressure  differ  nces  is  usually  sufficient.  In  residential  buildings 
the  magnitude  of  wind  pressure  differences  averaged  over  20  min 
seldom  exceeds  ±0.02  in.  of  water  under  typical  conditions.  In 
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many  cues  the  avmges  ere  less  Uum  ±0.01  in.  ofwater.Fbr  tall 
buildinp  or  buildings  completely  exposed  to  open  terrain,  the 
pressure  on  the  windward  side  is  much  closer  to  those  calculated 
firom  average  wind  speeds  for  the  site  fCunura  and  Wilson  1968). 
In  the  latter  ases,  for  example,  if  v  a  6.7  mph,  py »  0.02  in.  of 
water;  if  v  ■  15.7  mph,  p,*  0.12  in.  of  water  (assuming  Cp  •  1). 

Stack  Pressures 

Ibmperanire  dinierences  between  indoors  and  outdoors  cause 
density  differences,  and  therefore  pressure  differences,  that  drive 
infOtradoiL  During  the  heating  season,  the  warmer  inside  air  rises 
and  flows  out  of  the  building  near  its  top.  It  is  replaced  by  colder 
outdoor  air  that  enters  the  building  near  iu  base.  During  the  cool* 
ing  season,  the  flow  directions  are  reversed  and  generally  lower, 
because  the  indoor*ouidoor  temperature  differences  are  smaller. 
Qualitatively,  the  pressure  distribution  over  the  building  in  the 
heating  seuon  tate  the  form  shown  in  Figure  1. 

The  height  at  which  the  interior  and  exterior  ptessutes  are  equal 
is  called  the  Neutral  Pressure  Level  (NPL)  (Tamura  and  Wilson 
1966  and  1967a).  Above  this  point  (during  me  heating  season),  the 
interior  pressure  is  greater  than  the  eoerior;  below  this  point,  the 
greater  eoerior  pressure  causes  airflow  into  the  building. 

The  pressure  mfferenee  due  to  the  stack  effea  at  height  A  is: 

APj  •  Cl  (So  -  -  ^NPL)  (9) 

■  CiQitih  “  Av«)(7^  -  To)/ To 

wAere 

Lp,  m  ptcssttie  difroence  due  to  stack  efTcct.  in.  of  water 
g  w  air  density.  Iba/ft^  (about  0.073| 
f  w  gravitational  constant,  32.2  ft/r 
A  w  height  of  observation,  ft 

Mypi  m  height  of  neutial  ptessure  level,  ft 
T  w  absolute  tempeiature,  *R 

Cl  •  unit  conversion  factor  >  0.00398 

Subseripu 

/  w  inside 
o  w  outside 

A  useful  estimate  of  the  magnitude  of  the  suck  effect  on  a 
building  is  that  the  ptessure  difference  induced  by  the  suck  effea 
is  2.7  X  10~^  in.  of  water/ft  -  *R.  This  estimate  neglecu  any 
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Fig.  1  Pressure  Differences  Caused  by  Stack  Effect 
for  a  Typical  Stmaure  (Heating).  (Arrows  indicate 
magnitude  and  direction  of  pressure  difference.) 


resistance  to  airflow  within  the  structure.  Therefotr.  in  a  one-story 
house  with  an  8  ft  ceiling,  an  NPL  of  one-half  the  building  height, 
and  a  temperature  difference  of  45 '’R,  the  stack  pressure  will  be 
only  0.005  in.  of  water  at  the  ceiling  and  floor.  In  a  tail  building 
(eg.,  20  stories  of  13  ft  each)  with  no  inismal  resistance  to  airflow, 
the  suck  pressure  under  these  same  conditions  will  be  0.!3  in.  of 
water. 

The  location  of  the  NPL  at  zero  wind  speed  depcr.ds  on  the  ver¬ 
tical  distribution  of  openings  in  the  shell,  the  resisunce  of  the 
openings  to  airflow,  and  the  resistance  to  vertical  airflow  within 
the  building.  If  the  openings  are  uniformly  distributed  vertically 
and  there  is  no  internal  airflow  resistance,  the  NPL  is  at  the 
midheight  of  the  building  (Figure  1).  If  there  is  only  one  opening, 
or  an  extremely  large  opening  relative  to  any  others,  the  NPL  is 
at  or  near  the  center  of  this  opening.  Foster  and  Downs  (1987) 
studied  the  location  of  the  NPL  as  it  relates  to  natural  ventilation 
in  a  building  with  only  two  openings. 

Internal  partitions,  stairwells,  elevator  shafts,  utility  ducts, 
chimneys,  vents,  and  mechanical  supply  and  exhaust  systems, 
complicate  the  analysis  of  NPL  locations.  Chimneys  and  open¬ 
ings  at  or  atbove  roof  height,  raise  the  SPL  in  small  buildings.  Ex¬ 
haust  systems  increase  the  height  of  the  .NPL;  outdoor  air  supply 
systems  lower  it. 

Available  data  on  the  NPL  in  various  kinds  of  buildings  is 
limited.  The  NPL  in  tall  buildings  varies  from  0.3  to  0.7  of  total 
building  height  (lamura  and  Wilson  1966  and  1967a).  For  houses, 
especially  houses  with  chimneys,  the  NPL  is  usually  above 
midheight.  Operating  a  combustion  heat  source  with  a  flue  raises 
the  NPL  further,  sometimes  above  the  ceiling  (Shaw  and  Brown 
1982). 

Equation  (9)  provides  a  maximum  suck  pressure  difference, 
givoi  no  internal  airflow  resistance.  The  sum  of  the  pressure  dif¬ 
ferences  across  the  exterior  wall  at  the  bottom  and  top  of  the 
building,  as  calculated  by  Equation  (9),  equals  the  total  theoretical 
draft  for  the  building.  The  sum  of  the  aaual  top  and  bottom 
pressure  differences,  divided  by  the  total  theoretical  draft,  equals 
the  thermal  drgft  coeffidenL  The  value  of  the  thermal  draft  coef¬ 
ficient  depends  on  the  airflow  resistance  of  the  exterior  walls 
relative  to  the  airflow  resistance  between  floors.  For  a  building 
without  internal  partitions,  the  total  theoraical  draft  is  achieved 
across  the  exterior  walls  (Figure  2A),  and  the  thermal  draft  coef- 
fldem  equals  I.  In  a  building  with  airtight  separations  at  each 
floor,  each  story  acts  independently,  its  own  suck  effect  being 
unatTeaed  by  that  of  any  other  floor  (Figure  2B).  The  ratio  of  the 
aaual  to  the  theoretical  draft  is  minimized  in  this  case. 

Real  multistory  buildings  are  neither  open  inside  (Figure  2A), 
nor  airtight  between  stories  (Figure  2B).  Vertical  air  passages, 
suirwells,  elevaiors,  and  other  service  shafts  allow  airflow  baween 
floors.  Figure  2C  represents  a  heated  building  with  uniform  open¬ 
ings  in  the  exterior  wall,  through  each  floor,  and  into  the  vertical 
shaft  at  each  story.  Between  floors,  the  slope  of  the  line  represen¬ 
ting  the  inside  pressure  is  the  same  as  that  shown  in  Figure  2A,  and 
the  discontinuity  at  each  floor  (Figure  2B)  represents  the  pressure 
difference  across  it.  Total  suck  effea  for  the  building  remains  the 
same,  but  some  of  the  total  pressure  difference  maintains  flow 
through  openings  in  the  floors  and  vertical  shafu.  As  a  result,  the 
pressure  difference  across  the  exterior  wall  at  any  level  is  less  than 
it  would  be  with  no  internal  flow  resistance. 

Maintaining  airtightness  between  floors  and  from  floors  to  ver¬ 
tical  shafts  is  a  meoiu  of  controlling  indoor-outdoor  pressure  dif¬ 
ferences,  and  therefore  infiitnition.  Good  separation  is  also  con¬ 
ducive  to  the  proper  operation  of  mechanciai  ventilation  and 
smoke  control  systems.  Tamura  and  Wilson  (1967b)  showed  that 
when  vertical  shaft  leakage  is  at  least  two  times  the  envelope 
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Fig.  1\  Slack  Effect  in  a  RuUding 
wita  No  Internal  Partition 


Fig.  2B  Staeli  Effect  in  a  Building 
witli  Airtight  S«{Mnilioti  of  P.aeh  Story 


A«soLyrc 


Fig.  2C  Stack  Effect  for  an  Idcaliied  Building 


leakage,  the  thermal  draft  coefndem  is  almost  1.  Openings  in 
floors  are  less  effeaive  in  providing  communication  between 
floors;  as  the  building  height  increases,  they  become  even  less  ef> 
fective.  Measurements  of  pressure  differences  in  three  tall  office 
buildings  by  Ikmura  and  Wilson  (1967a)  indicated  that  the  ther¬ 
mal  draft  eoeffdent  ranged  from  0.8  to  0.9  with  rhe  ventilation 
systems  off. 

Mechanical  Systems 

Changes  in  pressure  differences  and  airflow  rates  caused  by 
mechanical  equipment  are  unpredictable  unless  the  location  of 
each  opening  in  the  envelope  and  the  relatioruhip  between  pressure 
difference  and  airflow  rate  for  each  opening  are  known.  The  in¬ 
teraction  of  mechanical  ventilation  system  operation  and  envelope 


ainightiiess  has  been  discussed  for  low.ri*e  buildings  (Nytund 
1980)  and  lot  offlee  buildings  (Ihmura  and  Wilson  1966  and 
1967b,  Persily  and  Grot  19S5a). 

Air  exhausted  from  a  building  must  be  balanced  by  increasing 
the  airflow  into  the  building  through  other  openings.  In  this  situa¬ 
tion  the  NPL  rises,  and  the  airflow  at  some  locations  changes 
direction  from  outflows  to  inflows  (in  the  winter).  Thus  the  effects 
a  mechanical  system  has  on  a  builtiing  must  be  considered. 
Depressurization  caused  by  an  itnproperly  designed  system  can 
increase  radon  entry  rates  into  a  building  and  interfere  with  the 
proper  operation  of  combitstion  device  venting  or  other  exhaust 
systems.  Overpressurization  can  force  moist  indoor  air  through 
the  building  envelope  and,  in  cold  climatu.  moisture  may  con¬ 
dense  within  the  building  envelope. 

The  interaction  between  mechanical  systems  and  the  building 
envelope  also  holds  for  systems  serving  zorses  of  buildings.  The 
performance  of  zone-specific  exhaust  or  pressuriz.ition  systems 
is  affected  by  the  leakage  in  zone  panitions.  as  well  as  in  exterior 
walls. 

Building  envelope  airtightness  and  interzone  airflow  resistance 
can  also  affect  the  performance  of  mechanical  systems.  The  ac¬ 
tual  airflow  rate  delivered  by  these  systems,  parucularly  ventila¬ 
tion  systems,  depends  on  the  pressure  that  they  work  against.  This 
effect  is  the  same  as  the  intetaaion  of  a  fan  with  its  associated 
ductwork  discussed  in  Chapter  32  (Duct  Design)  and  Chapter  3 
in  the  1988  EQUIPMENT!*  Volume.  The  building  envelope  and  its 
leakage  can  be  considered  pan  of  the  ductwork  in  dnermining  the 
pressure  drop  of  the  system. 

Combining  Driving  Forces 

The  pressure  differences  just  discussed  are  considered  in  com- 
biimtiou  by  adding  them  together  and  determining  the  airflow  rate 
through  each  opening  due  to  this  total  pressure  difference  Because 
the  airflow  rate  through  these  openings  is  not  linearly  related  to 
pressure  difference,  the  driving  forces  must  be  combined  in  this 
manner,  as  opposed  to  adding  the  airflow  rates  due  to  the  separate 
driving  forces. 

Figure  3  qualitatively  shows  the  addition  of  driving  forces  for 
a  building  with  uniform  openings  above  and  beiow  midheight  and 
without  significant  internal  resistance  to  airflow.  The  slopes  of  the 
pressure  lines  are  functions  of  the  densities  of  the  indoor  and  out¬ 
door  air.  In  Figure  3.A.  with  inside  air  warmer  than  outside,  and 
pressure  differences  caused  solely  by  thermal  forces,  the  .NPL  is 
at  midheight,  with  inflow  through  lower  openings  and  outflow 
through  higher  openings.  A  chimney  or  mechanical  e.xhausi 
decreases  the  inside  pressure  and  shifts  the  inside  pressure  line  to 
the  left,  raising  the  NPL:  an  excess  of  outdoor  supply  air  over  ex¬ 
haust  would  lower  it.  Figure  3B  shows  qualitative  pressure  dif¬ 
ferences  caused  by  wind  alone,  with  the  effect  on  windward  and 
leeward  sides  equsil  but  opposite.  When  both  the  temperature  dif¬ 
ference  and  wind  effects  both  act,  the  pressures  due  to  each  are 
added  together  to  determine  the  total  pressure  difference  across 
the  building  envelope;  Figure  3C  shows  the  combination  where  the 
wind  force  of  Figure  3B  has  just  balanced  the  thermal  force  of 
Figure  3A,  causing  no  pressure  difference  at  the  top  windward  or 
bottom  leeward  side.  Total  airflow  is  similar  to  that  with  the  wind 
acting  alone,  but  signiflcantly  larger  than  the  airflow  due  only  to 
the  stack  effect. 

The  relative  importance  of  the  wind  and  stack  pressures,  in  a 
building  depends  on  building  height,  internal  resistance  to  venical 
airflow,  loc^  terrain,  and  the  immediate  shielding  of  the  building. 
The  taller  the  building  and  the  lesser  the  internal  resistance  to 
airflow,  the  stronger  the  suck  effect.  The  more  exposed  a  building, 
the  more  susceptible  it  will  be  to  wind.  For  any  building,  there  will 
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be  tinges  of  wind  speed  and  tempetsiure  difference  for  which  the 
building’s  infOtradon  is  dominated  by  the  stack  effect,  the  wind, 
or  a  tegime  in  which  the  Mving  pressures  of  both  must  be  con¬ 
sidered  (Sinden  1978).  The  above  factors  determine,  fur  specific 
values  of  temperature  difference  and  wind  speed,  in  which  regime 
the  building’s  inflittaiion  lies. 

The  effect  of  mechanical  vsndlation  on  envelope  pressure  dif- 
Getenees  is  more  complex  and  depends  on  the  direcdon  of  the  ven¬ 
tilation  flow  (echaust  or  supply)  and  differences  in  these  ventila¬ 
tion  flows  among  the  zones  of  the  building.  If  inechanicaily  sup¬ 
plied  outdoor  air  is  provided  uniformly  to  each  story,  the  change 
in  the  exterior  wall  pressure  difference  pattern  f^m  thermal 
pressures  is  uniform.  With  a  nonuniform  supply  of  outdoor  air 
(for  etampie,  to  one  story  only),  the  extent  of  piessurizanon  varies 
from  story  to  story  and  depends  on  the  internal  airflow  resistance. 
Pressurizing  all  levels  uniformly  has  little  effect  on  the  pressure 
differences  across  floon  and  vertical  shaft  enclosures,  but 
pressurizing  individual  stories  increases  the  pressure  drop  across 
these  internal  separations.  Pressurization  of  the  ground  level  is 
often  used  in  tall  buiidinp  to  reduce  the  stack  preuures  across 
entries. 

Vuious  rules  have  been  proposed  for  combining  the  inflltradon 
due  to  statA  and  wind  pressures,  as  well  as  mechanical  ventiladon 
airflow  rates.  One  model  to  compute  the  total  airflow  rate  is  bas¬ 
ed  on  the  rate  being  propottional  to  the  square  root  of  the  pressure 
difference  and  is  given  by: 

Qm*  -  (Cl  +  0.')“  (10) 

when 

(2m  ■  inflkiBUon  from  both  wind  and  stack  effects,  cfin 

Oh  m  infiltration  from  the  wind,  cfm 

(2,  ■  inflltiatiaa  from  the  stack  effect,  eta 

Shaw  and  Ihmuia  (1977)  used  a  computer  model  that  calculates 
inflltradon  in  high-rise  buildings  to  develop  the  following  alter¬ 
nate  expression  for  the  total  inflltradon: 

Qmt^Qmeg  •  I  ■+■  0.24  (H) 

where  Qmwt  ^<1  Qmm  *re  the  maximum  and  minimum  of  the 
wind-  and  stack-induced  inflltradon  rates.  lespecdvely.  Equadon 
(10)  gives  a  slighdy  larger  esdmate  of  tou' '  litradon  than  does 
Equadon  (11). 


Additional  terms  for  ventilation  flow  are  needed  when 
mechaihcaJ  systems  are  used.  Balanced  mechanical  systems  do  not 
change  the  interior  pressute  in  the  building,  as  long  as  they  supply 
to  and  exhaust  from  each  zone  of  the  building  st  an  equal  rate; 
therefore,  they  are  simply  added  to  the  other  terms.  Unbalanced 
flows  change  the  b^iilding  pressure  distribution,  aitd  Sherman  and 
Crimsrud  (1980)  suggested  chat  they  be  added  in  quadrature. 
Equauons  (12)  through  (14)  su.mmarize  these  rules  (Sherman  and 
Modera  1986): 

Superposition: 

0  -  0i«/  +  (Olnfcr/  ^  Ci,)®- 

Balanced  (additional)  ventilation: 

Qbai  "  minimum  of  (Qmpply,  (1^) 

Unbalanced  (additional)  ventilation: 

Q^ba!  “  maximum  of  (Qjuppiv,  Cv.tAbuW  “  Qbal  (1"^) 

Levins  (1982)  and  Kiel  and  Wilson  (1987)  further  discuss  the 
combination  of  mechanical  venti.'aiion  airflow  rates  with  naturally 
induced  infiltration  rates. 

Shaw  and  Brown  (1982)  compared  air  infiltration  in  identical 
homes,  with  and  without  a  gas  furnace,  with  a  chimney.  Figure  4 
shows  the  effects  of  exflltration  through  the  chimney  and  ceiling 
with  and  without  the  gas  furnace,  and  also  the  impact  of  the 
chinuiey  on  the  NPL. 

AIRFLOW  THROUGH  OPENINGS 

The  relationship  between  the  airflow  q  through  an  opening  in 
the  building  envelope  and  the  pressure  difference  hp  across  it  is 
called  the  leakage  funct’ m  of  the  opening.  The  form  of  t.he 
leakage  function  depenus  on  the  geometry  of  the  opening. 
Background  material  relevant  to  leakage  functions  may  be  found 
in  Chapter  2.  Hopkins  and  Hansford  (1974),  Etheridge  (1977). 
Kronvall  (1980a),  and  Chastain  et  at.  (1987). 

The  fundamental  equation  for  the  airflow  rate  through  ?it  open¬ 
ing  is: 

Q  -  CjCoA  ViAp/  c  (15) 
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Fig.  3  Distribution  of  Inside  and  Outside  Pressures 
Over  Che  Height  of  a  Building 
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where 

Q  ■  airflow  me,  cftn 

Co  ■  diaetuicie  coefflcieni  for  the  opening  ^ 

A  m  crou-Mctional  area  of  (he  opening,  f(* 

0  -  air  density,  Ib/iV 

m  pressure  ^fferenre  acrou  opening,  in.  of  watei 
C]  m  conversion  factor  ■  776 

The  discharge  coefficient  Co  is  a  dimensionless  number  that 
depends  on  the  opening  geometry  and  the  Reynolds  number  of 
the  flow. 

Airflow  through  constant  area  ducu  is  well  charaaerized.  At 
sufficiently  low  Reynolds  numbers,  the  fluid  velocity  varies  only 
in  the  direction  perpendicular  to  the  flow,  and  the  flow  may  be 
visualized  as  many  sheets  or  laminae  flowing  parallel  to  the  duct 
walls.  Thus,  this  type  of  flow  is  referred  to  as  l^inar.  In  laminar 
flow,  Co  depends  on  the  square  root  of  the  pressure  difference; 
therefore  Q  is  proportional  to  Lp.  At  large  Reynolds  numbers,  the 
flow  becomes  turbulent.  The  velocity  at  a  given  point  fluctuates 
rapidly  and  at  random,  even  if  the  net  flow  rate  is  constant.  In  tur¬ 
bulent  flow,  the  discharge  coefficient  is  cotutant  and  therefore  the 
flow  Q  is  proportional  to 

The  case  of  hiUy  devetopcnl  flow  impinging  on  a  hole  or  orifice 
in  a  thin  plate  is  also  described  by  Equation  (IS).  Again,  forasuf- 
fldently  large  value  of  the  Reynolds  number,  the  discharge  coef¬ 
ficient  is  cotutant.  The  value  of  Co  for  an  orifice  depends  on 
Reynolds  number  and  the  relative  areas  of  the  orifice  and  the  duct 
in  which  the  orifice  is  placed. 

This  discussion  of  laminar  and  turbulent  flow  applies  to  con¬ 
stant  aren  ducts  and  orifices  in  such  ducts.  The  openings  in  a 
building  envelope  are  much  less  uniform  in  geometry.  Generally, 

'  the  flow  never  becomes  hilly  developed,  thereby  preventing  the  ap- 
pUc^ility  of  the  simple  relations  between  Q  and  tp.  Ea^  open- 
I  ingin  the  building  envelope  can  still  be  dttcribed  by  Equation  (15). 
where  id  is  an  average  cross-sectional  area  and  Cp  depends  on 
opening  geometry  and  the  pressure  difference  across  it.  Equation 
(Id)  is  sometimes  used  instead: 

Q  -  c  (dp)''  (16) 

when 


Fig.  4  Tempctature>Induced  Pressure  and  Airflow 
Pattens  Under  Operation  of  Electric  or  Gas 
Furnace  for  dr  «  50*^? 


NATURAL  VENTILATION  FLOW  RATES 

Natural  ventilation  can  eflectively  control  both  temperature  and 
contaminants,  panicutarly  in  mild  climates.  Temperature  control 
by  natural  ventilation  is  often  the  only  means  of  providing  cool¬ 
ing  when  mechanical  air  conditioning  is  not  available.  The  ar¬ 
rangement,  location,  and  control  of  ventilation  openings  should 
combine  the  driving  forces  of  wind  and  temperature  to  achieve  a 
desired  ventilation  rate  and  good  distribution  of  ventilation  air 
through  the  building. 


c  m  flow  coefneiciit.  cfm/dn.  of  water)* 

It  •  flow  exponent,  dimensionless 

Equation  (16)  only  approximates  the  relationship  between  Q 
and  dp.  In  fact,  the  values  of  c  and  n  depend  on  the  range  of  dp 
over  which  Equation  (16)  is  applied.  Honma  (197S)  measured  Q 
as  a  hinction  of  dp  for  several  simple  openings,  and  the  measured 
data  were  flt  to  Equation  (16).  The  cracks  with  larger  flow 
resistances,  Le.,  greater  depths  or  narrower  widths,  tended  to  have 
an  exponent  n  closer  to  I  than  did  gaps  with  less  resistance.  For 
openings  in  the  shell  of  a  building,  the  value  of  n  depends  on  the 
opening  geometry,  as  well  as  on  eittrance  and  exit  effects. 

The  combination  of  all  tbe  openings  in  a  building's  envelope 
produces  a  relationship  between  pressure  difference  and  airflow 
rate  for  the  whole  building  and  is  referred  to  as  the  air  leakage  of 
the  building. 

The  air  leakage  of  a  building  can  be  measured  (as  described  in 
the  section  on  air  leakage)  and  is  a  physical  property  of  the 
building  envelope  that  depends  on  the  envelope  desigit,  construc¬ 
tion,  and  deterioration  over  time.  A  building’s  air  leakage  is 
measured  by  imposing  a  uniform  pressure  difference  over  the  en¬ 
tire  building  envelope  and  measuring  the  airflow  rate  required  to 
maintain  this  diffeience  Such  a  distribution  of  envelope  pressures 
never  occurs  naturally,  but  it  does  provide  a  useful  measure  of  the 
airtightness  of  a  building. 


Natural  Ventilation  Openings 

Natural  ventilation  openings  include:  (1)  windows,  doors, 
monitor  openings,  and  skylights;  (2)  roof  ventilators;  (3)  stacks 
connecting  to  registers;  and  (4)  specially  designed  inlet  or  outlet 
openings. 

Windows  transmit  light  and  provide  ventilation  when  open. 
They  may  open  by  sliding  vertically  or  horizonully;  by  tilting  on 
horizontal  pivots  at  or  near  the  center;  or  by  swinging  on  pivots 
at  the  top,  bottom,  or  side.  The  type  of  pivoting  used  is  important 
for  weather  protection  and  airflow  rate. 

Roof  vtntiltttors  provide  a  weatherproof  air  outlet.  Capacity  is 
determined  by  the  ventilator’s  location  on  the  roof:  the  resistance 
the  ventilator  and  its  ductwork  offer  to  airflow;  its  ability  to  use 
kinetic  wind  energy  to  induce  flow  by  centrifugal  or  ejeaor  action; 
and  the  height  of  the  draft. 

Natural  draft  or  gravity  roof  ventilators  can  be  stationary, 
pivoting,  oscillating,  or  rotating.  Selection  criteria  include  rug¬ 
gedness.  corrosion  resistance,  stormproofing  features,  dampers 
and  operating  mechanisms,  noise,  cost,  and  maintenance.  Natural 
ventilators  can  be  supplemented  with  power-driven  supply  fans; 
the  motors  need  only  be  energized  when  the  natural  e.xhaust 
capacity  is  too  low.  Gravity  ventilators  can  have  manual  dampers 
or  dampers  controlled  by  thermostat  or  wind  velocity. 
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A  reof  wsntiktor  should  be  positioned  so  thnt  it  mxives  the  hiil. 
uruwstficud  wind.  Ibrbulence  created  by  sunoundiag  obstruc- 
doas.  iaeluding  higher  adjacent  buildings,  impain  a  ventilator’s 
ejector  action.  The  ventilator  inlet  should  be  conical  or  bell 
mounted  to  give  a  high  flow  coefflcient.  The  opening  area  at  the 
inlet  should  be  increased  if  screens,  grilles,  or  other  structural 
members  cause  flew  resistance.  Building  air  inlets  at  lower  levels 
should  be  larger  than  the  combined  throat  areas  of  all  roof 
ventilators. 

Stacks  or  vertical  flues  should  be  located  where  wind  asn  act 
on  them  from  any  direction.  Without  wind,  stack  effect  alone 
removes  air  from  the  room  with  the  inJers. 

Required  Flow 

The  ventilation  airflow  rate  required  to  remove  a  given  amount 
of  heat  from  a  buUding  can  be  c^culated  from  Equation  (17)  if 
the  quantity  of  heat  to  be  removed  and  the  indoor-outdoor 
temperature  difference  are  known. 

Q  •  N/e^Q(ti-tc)  (H) 

whtrt 

Q  m  airflow  cau  laquiicd  »  PRnave  heat,  cfin 
H  ■■  heat  to  be  renewed.  Etu/min 
c,  <■  spedfle  heat  of  air.  Bni/lb„  *F  (eboui  G.24) 
e  «  air  density,  Ibg/fl^  (about  0.075) 
li  “•  t»  •  iadoormutdoor  ccmpeimtuic  differsnee, 

Flow  Caused  by  Wind 

Fsoors  that  ailea  the  ventilation  rate  due  to  wind  forces  include 
average  speed,  prevailing  direcdon.  seasonal  and  daily  variation 
in  speed  and  direction,  and  local  obstructions  such  as  nearby 
buildings,  hills,  trees,  and  shrubbery. 

Wind  speeds  are  usually  lower  in  summer  than  in  winter;  direc¬ 
tional  frequency  is  also  a  fltooion  of  season.  There  are  relatively 
few  places  where  speed  falls  below  half  the  average  for  more  than 
a  few  hours  a  month.  Therefore,  natural  ventilation  systems  are 
often  designed  for  wind  speeds  of  one-half  the  seasonal  average. 
Equation  (18)  shows  the  quantity  of  air  forced  through  vendlaiion 
inlet  openings  by  wind  or  determines  the  proper  size  of  openings 
to  produce  given  airflow  rates: 


RATIO  or  OUTLET  TO  tNIXT  OR  VICE-VCRSA 


when 

Q 

A 

V 

c. 


c.  - 


»  C4(ltf.4u 


) 
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(18), 

wrflow  rate,  cfm  ^  /y  flj? 

free  area  ci"  inlet  openings,  ft-  { 

wind  sp«d,  mph  - 

effectiveness  of  openings  (Cy  is  assumed  to  be  0.5  to  0.6 
for  perpendicular  winds  and  0.25  to  0,35  for 
diagonal  winds) 
unit  convenion  factor  »  38.0 


Inlets  should  face  directly  into  the  pr  evailing  wiril  If  they  are 
not  advantageously  placed,  flow  will  be  let.';  than  chat  in  the  equa¬ 
tion;  if  unusually  well-placed,  flow  wiS;  be  sbghr  ly  more. 
outlet  locations  are  (1)  on  the  leetvaiti  .side  of  the  bmldlns  dir  tctly 
opposite  the  inlet.  (2)  on  the  roof,  in  rhe  low-pressure  areu  caused 
by  a  flow  discontinuity  of  the  wind.  (3)  on  cite  side  .adjacent  tc  the 
windward  face  where  low-pressure  anras  occur,  (4)  in  a  monitor 
on  the  leeward  side.  (5)  in  roof  ventilators,  or  (6)  stacks.  Chapter 

14  gives  a  general  description  of  the  wind  pressure  distribution  on 
a  building,  which  relates  to  inlet  locatiott. 


Flow  Caused  by  Thermal  Forces 


If  building  internal  resistance  is  not  signirittar,,  the 
ed  by  sack  effect  can  be  etpre.ssed  by  : 


v» (,<7 -  ,v 


when 

Q  m  airflow  rate,  cfm 
K  ■  discbaise  coeffleisnt  for  opettitis 
AAvn.  *  hcifht  from  lower  opening  to  NP 


Equation  (19)  applies  when  f;  >  /».  If eplace  in  .he 
denominator  with  f,,  and  replace  (f,  -  O  >u  the  numerator  with 
(f»  '  f<)>  If  building  has  more  than  one  opening,  the  outlet 
and  inlet  areas  are  considered  equal.  The  discharge  coefficient  K 
accounts  for  all  viscous  effects  such  as  surface  drag  and  interfacial 
mixing. 

Calculating  hhsu  chfAcult.  If  one  window  or  door  repre¬ 
sents  a  large  fraction  (approximately  907t)  of  the  total  opening 
area  in  the  envelope,  the  NPL  is  at  the  midheighi  of  that  aperture, 
■and  AA.vpt.  equals  to  one-half  its  height.  For  this  condition,  flow 
through  the  opening  is  bidirectional,  ut.  air  flom  the  wanner  side 
flows  through  the  top  of  the  opening,  and  air  from  the  colder  tide 
flows  through  the  bottom.  Interfadai  mixing  occurs  across  the 
counterflow  internee,  and  the  orifice  coeffldem  can  be  calculated 
according  lo; 


KmOM  +  0.0025  Itj  - 1,\  (20) 


If  enough  other  openings  are  available,  the  airflow  through  the 
opening  will  be  unidirectional  and  mixing  cannot  occur,  A 
discharge  coeffldent  ol  K  ■  0.65  should  then  be  used.  Additional 
information  on  stack-driven  airflows  for  natural  ventilation  can 
be  found  in  Foster  and  Down  (1987). 

Createst  flow  per  unit  area  of  openings  is  obtained  when  inlets 
and  outlets  are  equal;  Equations  (18)  and  (19)  are  based  on  this 
equality.  Increasing  the  outlet  area  over  inlet  area,  or  vice  versa, 
increases  airflow  but  not  in  proportion  to  the  added  area.  When 
openinp  are  unequal,  iise  the  smaller  area  in  the  etiuations  and 
add  the  increase,  as  determined  from  Figure  5. 


Natural  Ventilation  Guidelines 


Fig.  5  Increase  in  Flow  Caused  by  Excess 
of  One  Opening  Over  Another 


Several  general  guidelines  should  be  observed  in  designing  for 
natural  ventilation.  Some  of  these  may  conflict  with  other  climate- 


KRfihration  and  Vcntiladoa 
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!es|>onsive  suvtesies  (such  xs  oneni«tion  and  shading  devices  to 
CiiniciiTe  solar  gain)  or  ether  design  considerations, 
fed!)  in  hot,,  hundd  diinates,  ir  jximize  ait  velocities  in  the  occupied 
M  sonos  for  bodily  cooling.  In  hot.  arid  cUiaates,  ina.ximi7e 
"  airflow  throughout  the  building  for  structural  cooling,  par- 
ticuiariy  at  night  when  temperatures  are  low. 

P)  Ikke  advantage  of  topography,  landscaping,  and  surrounding 
buUdinp  to  redirect  airflow  atid  give  maximum  exposure  to 
breezes.  Use  vegetation  to  fbniiei  breezes  and  avoid  wind  dams, 
which  reduce  the  driving  pressure  differential  around  the 
building.  Sice  obiet.Ts  should  not  obstruct  inlet  openings. 

(3)  Shape  the  building  to  expose  mutiinura  surface  aica  to  breezes. 

(4)  Use  tu-ciiitixturai  elements  such  as  wingwalls,  parapets,  and 
overhangs  to  picrnote  airflow  into  the  building  interior. 

(5)  The  long  facade  of  the  building  and  the  majority  of  the  door 
and  window  openings  shosdd  be  oriented  with  respect  to  the 
prevailing  summer  breezes.  If  there  is  no  prevailing  direction, 
opisiings  should  be  suflldent  to  provide  ventilation  regardless 
of  wind  direction. 

(6)  Windows  should  be  located  in  opposing  pressure  zones.  IWo 
openings  on  opposite  sides  of  a  space  increase  the  ventilation 
fW.  Openings  on  adjacent  sides  force  air  to  change  direction, 
providing  ventilation  to  a  greater  area.  The  benefiu  of  the  win¬ 
dow  arrangement  depend  on  the  outlet  location  relative  to  Che 
direction  of  the  inlet  airstmm. 

(7)  Ef  a  room  h»  only  one  external  wail,  better  airflow  is  achieved 
with  two  widely  spaced  windows. 

(8)  If  the  openings  are  at  the  same  level  and  near  the  edling,  much 
of  the  flow  may  bypass  the  occupied  level  and  be  ineflieccive  in 
diluting  contaminants  there. 

(9)  The  stack  effect  requires  vertical  distance  between  openings  to 
take  advanuge  of  the  suck  effect;  the  greater  the  vertical 
distance,  the  greater  the  ventilation. 

I  (10)  Openings  in  the  vicinity  cf  the  NPL  are  least  effeedve  for  ther¬ 
mally  induced  ventilation.  If  the  building  hu  only  one  open¬ 
ing,  the  NPL  tends  to  move  to  that  leveL  which  reduces  (he 
pressure  across  the  opening. 

(11)  Greatest  flow  per  unit  area  of  total  opening  is  obtained  by  inlet 
and  outlet  openings  of  nearly  equal  areas.  An  inlet  window 
smaller  that  the  outlet  creates  higher  inlet  velocities.  An  outlet 
smaller  than  the  inlet  creates  lower  but  more  uniform  air  speed 
through  the  room. 

(12)  Openings  with  areas  much  larger  than  calculated  are 
sometimes  desirable  when  antidpaiing  increased  occupancy 
or  very  hot  weather. 

(13)  Horizontal  windows  are  generally  better  than  square  or  ver¬ 
tical  windows.  They  produce  more  airflow  over  a  wider  range 
of  wind  directions  and  are  most  beneficial  in  locations  where 
prevailing  wind  patterns  shift. 

(14)  Window  openings  should  be  accessible  to  and  operable  by 
occupants. 

(15)  Inlet  openings  should  not  be  obstnioed  by  indoor  partitions. 
Partitions  can  be  placed  to  split  and  rediiea  airflow,  but  should 
not  restria  flow  between  the  building’s  inlets  and  outlets. 

(16)  Vertical  airshafis  or  open  staircases  can  be  used  to  increase 
and  uke  advantage  of  suck  effects.  However,  enclosed  stair¬ 
cases  intended  for  evacuation  during  a  Are  should  not  be  used 
for  ventilation. 

INnLTRATION 

Although  the  terms  infiltnuion  and  air  leakage  are  sometimes 
used  synonymously,  they  are  different,  thbugh  related,  quantities, 
innitration  is  the  rate  of  uncontrolled  air  exchange  through 
unintentional  openings  that  occurs  under  given  conditions,  while 
air  leakage  is  a  measure  of  the  airtightness  of  the  building  shell. 


The  greater  the  air  leakage  of  a  building,  (he  greater  its  inflltra- 
tioD  note,  sil  else  (weather,  exposur^  and  building  geometry)  be- 
ini;  equal. 

Infiltration  may  be  reduced  either  by  reducing  the  surface 
pressures  driving  the  flow,  or  reducing  the  air  leakage  of  the  shell. 
Sut  face  pressures  caused  by  the  wind  can  be  reduced  by  changing 
the  landscaping  in  the  vicinity  of  the  building  (Mattingly  and 
Peters  1977).  Suck  pressures  can  be  reduced  by  increasing  the 
airflow  resistance  between  floors  and  from  floors  to  any  venical 
shafts  within  the  building,  although  tills  is  almost  exclusively  an 
issue  in  ull  buildings. 

The  iaflltraiion  rase  of  an  individual  building  depends  on 
weather  conditions,  equipment  operation,  and  occupant  activities. 
The  rate  can  vary  by  a  factor  of  five  from  weather  effects  alone 
(Malik  1973).  When  associating  a  building  with  an  innitration 
rate,  it  is  important  to  provide  the  corresponding  weather  condi¬ 
tions  and  equipment  status,  or  to  describe  it  as  a  seasonal  or  an¬ 
nual  average. 

lypical  infiltration  values  in  housing  in  North  America  vary  by 
a  factor  of  about  ten,  from  tight  housing  with  seasonal  average 
air  change  rates  of  about  0.2  per  hour  to  housing  with  air  exchange 
rates  as  great  as  2.0  per  hour.  Figures  6  and  7  show  histograms  of 


Fig.  6  Histogram  of  Infiltration  Values — 
New  Construction 


o 


I 
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Infiltration  Rstas  (ach) 


Fig.  7  Histogram  of  Infiltration  Values — 
Low-Income  Housing 
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infUuatien  meet  meuurcd  la  two  different  samples  of  Nonh 
Aa>ericanhouifan(Griaiin»d  era/.  1912,  Grot  and  Clark  1979). 
Flfuic  d  slliows  the  vrerage  seasonal  infUtnuion  of  312  houses 
located  in  different  areas  in  North  America.  The  median  inflltra- 
den  value  of  this  sample  it  OJ  air  changes  per  hour  (ach).  Figure 
7  tapmems  o»asurcments  in  266  houses  located  in  16  dties  in  the 
United  States.  The  median  value  of  this  sample  is  0.90  ach.  The 
group  of  heusa  contained  in  the  Figure  6  sample  is  biased  towaid 
new  eneruMflldcnt  houses,  while  die  group  in  Figure  7  represena 
oUan  loMMneome  housing  in  the  United  States.  While  these  do  not 
lepment  mndom  samples  of  North  American  housing,  they  in< 
dieam  the  distribudon  of  inflltnidon  rites  expected  in  a  group  of 
buildings. 

The  infUtradon  values  listed  are  appropriate  for  unoccupied 
structures.  Although  occupancy  influences  have  not  been 
measured  direedy,  Oesrochers  and  Scon  (1985)  estimate  the/  add 
an  avtiage  of  0.10  to  0.15  ach  to  unoccupied  vaiues. 

Grot  and  Persily  (1986)  found  eight  recently  cou^mtcied  office 
buildings  had  infUtnuion  rates  ranging  hom  0.1  tc  0.6  air  changes 
per  hour  with  no  outdoor  air  intaka  The  infUtmtion  rates  of  these 
buildings  exhibited  varying  degrees  of  weather  dens.ndence, 
genctaliy  much  lower  then  that  measured  in  houses. 

AIR  EXCHANGE  MEASUREMENT 

The  only  reliable  way  to  determine  the  air  exchange  rate  of  a 
building  is  to  measute  it.  Several  tracer  gas  mentutemeat  pro¬ 
cedures  exist,  aU  involving  an  inert  or  nonicaedve  gas  used  to  iabd 
the  indoor  air  (Hunt  1980,  Sherman  era/.  1980,  Matrje  era/.  1931. 
Lagut  and  Penily  1985.  Persiiy  1988).  The  tracer  is  released  into 
the  building  in  a  spedfled  marmer,  and  the  coacenemtion  of  the 
oacer  within  the  building  is  monitored  end  Evlrusd  to  the  building’s 
air  exchange  rate.  A  variety  of  tracer  gases,  and  ssaodated  con- 
ceiuiadon  deteetion  devices,  have  been  used.  Desirable  quaUttes 
of  a  tracer  gas  am  detectabiUty.  nonreaedvity,  aontoxicity,  and 
relatively  low  concentration  in  ambient  air  (Hunt  1980). 

AU  tracer  gas  measurement  techniques  are  based  on  a  mass 
balance  of  the  tracer  gas  within  the  buUding.  Assuming  the  out¬ 
door  concentration  is  zero,  this  mass  balance  ukes  the  form: 

Vidc/tU)  ■  F{9)  -  Q(6)c(6)  (21) 

whtn 

V  m  volume  of  space  bong  tested,  (t^ 
c(0)  •  oaccr  gas  eoncemrsiion  u  time  0 
de/M  a  dme  lace  of  ehante  of  concentmuon.  rain ' ' 

A[r)  a  tracer  gas  injccdon  ran  at  time  0,  cfm 
Q(r)  a  airflow  me  out  of  the  buildinf  at  dm*  0,  cfm 
0  a  tiin^  min 

In  ^uadon  (21)  density  differences  between  indoor  and  out¬ 
door  air  ate  generally  ignored;  therefore  (2  refen  to  the  airflow 
rate  into  the  building.  While  Q  is  often  lefemd  to  as  the  infUtra- 
don  rate,  any  measurement  includes  both  mechanical  and  natural 
ventUadon  in  addidon  to  envelope  inffitndon.  The  rado  of  the 
air  eichange  mte  Q  to  the  volume  being  tested  V  has  uniu  of 
volume/time  (often  converted  to  ach)  and  is  called  the  air  change 
rate/. 

Equadoii  (21)  is  based  on  the  assumption  that  airflow  out  of  the 
building  is  the  dominant  process  removing  the  tracer  gas  from  the 
spacn  UL,  the  tiacer  gas  does  not  teaa  chemically  within  the  space 
and  is  not  absorbed  onto  interior  surfaces.  It  is  also  based  on  the 
assumption  that  the  tracer  gas  concentration  within  the  building 
can  be  represented  by  a  single  value,  Le.,  the  tracer  gas  concentra¬ 
tion  is  uniform  within  the  space.  Three  different  tracer  gas  pro¬ 
cedures  are  used  to  measure  air  exchange  rates:  (1)  decay,  (2)  con¬ 
stant  concentration,  and  (3)  constant  injection. 


Decay 

The  simplest  tracer  gas  measurement  technique  is  the  decay 
method,  which  is  a  standardized  procedure  (ASTM  1983).  In  the 
decay  method,  a  imall  amount  of  tracer  gas  is  injected  into  the 
space  and  is  allowed  to  mix  with  the  interior  air.  After  the  injec¬ 
tion,  f  >  0  and  the  solution  to  Equation  (21)  is: 

ae)  -  (22) 

where  Co  is  the  concentration  at  6  ■  0. 

EquatiOiii  (22)  is  generally  used  to  solve  for  /  by  measuring  the 
tracer  gas  concentration  periodically  during  the  decay  and  fitting 
the  dau  to  the  log  form  of  Equation  (22): 

lnc(6)  -  lnCo-/B  (23) 

As  with  all  tracer  gas  techniques,  the  tracer  gas  decay  method 
has  advantages  and  disadvantages.  The  advantages  include  the 
fact  that  Equation  (22)  is  an  exarc  solution  to  the  nacer  gas  mass 
balance  equation.  Also,  because  lognrithms  of  concentration  are 
taken,  only  relative  concentrations  arc  needed,  which  can  simplify 
the  calibration  of  the  concentration-measuring  equipment.  Final¬ 
ly,  the  tracer  gas  injection  rate  need  not  be  measured,  although  it 
must  be  conooUed  so  that  the  tiacer  ^  concentrations  are  within 
the  range  of  the  concennanon-mt  ssuiing  device.  The  concenoatiun- 
measuring  equipment  can  be  located  on  site,  or  building  samples 
can  be  collected  in  suiuble  containers  and  analyzed  elsewhere. 

The  most  serious  problem  with  the  decay  technique  is  imperfea 
mixing  of  the  tracer  gas  with  the  interior  air.  both  at  initial  injec¬ 
tion  and  during  the  decay.  Equations  (21)  and  (22)  employ  the 
assumption  that  the  tracer  gas  concentration  within  the  building 
is  uniform.  If  the  tracer  is  not  well  mixed,  this  assumption  is  not 
appropriate  and  the  determination  of  /  will  be  subject  to  errors. 
It  is  difficult  to  estimate  the  ma^tude  of  the  errors  due  to  poor 
mixing,  and  iinle  analysis  of  this  problem  has  been  done 

Constant  Concentration 

In  the  constant  concentration  technique  the  tracer  gas  injec¬ 
tion  rate  is  adjusted  to  maintain  a  constant  concentration  within 
the  building.  If  the  concentration  is  truly  constant,  then  Equation 
(21)  reduces  to: 

e(e)  -  F(9)  /  c  (24) 

There  is  less  experience  with  this  technique  than  with  the  decay 
procedure  but  several  applications  do  exist  (Kumar  «t  al.  1979, 
Collet  1981,  Bohac  tt  al.  1985). 

Because  the  tracer  gas  injection  is  continuous,  it  requites  no  in¬ 
itial  mixing  period.  Another  advanuge  is  that  the  tracer  concen- 
intion  in  eaidi  zone  of  the  building  can  be  separately  controlled 
by  injecting  into  each  zone  thus,  the  amount  of  outdoor  air  flow¬ 
ing  into  each  zone  can  be  determined.  This  procedure  has  the 
disadvantage  of  requiring  the  measurement  of  absolute  tracer  con¬ 
centrations  and  injection  rates.  Also,  imperfect  mixing  of  the 
tracer  and  the  interior  air  causes  a  delay  in  the  response  of  the  con¬ 
centration  to  changes  in  the  injection  rata  This  delay  in  concen¬ 
tration  response,  makes  it  impossible  to  keep  the  concentration 
constant,  and  therefore  Equation  (24)  is  only  an  approximation. 
The  magnitude  of  these  errors  have  not  been  well  examined. 

Constant  Injection 

In  the  constant  injection  procedure,  the  tracer  is  injected  at  a 
constant  rate  and  the  solution  to  Equation  (21)  becomes: 

c{9)  »{F/q)(\  -  e'")  (25) 
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After  niffldent  timcv  the  trsiulent  term  reducm  to  zero,  the  con* 
cenmtion  strains  e^uiiibritim.  end.  Equation  (25)  reduces  to; 

I  C-f/c  (26) 

This  relation  U  valid  only  when  the  air  exchange  rate  is  coru- 
tant;  thus  this  technique  is  appropriate  for  systems  at  or  near 
equilibrium,  fit  is  particuiariy  useftii  in  spaces  with  mechanical 
ventilation  or  with  high  air  exchange  rates.  Constant  injection  re¬ 
quires  the  measurement  of  absoiute  concentratioru  and  injection 
rates. 

Dietz  era/.  (1986)  introduced  a  spedai  case  of  the  constant  m* 
jecdon  technique  This  technique  uses  permeation  tubes  as  a  tracer 
gas  source:  lire  tubes  release  the  tracer  at  an  ideaily  constant  rate 
into  the  building  being  tested.  A  sampling  tube  packed  with  an  ad¬ 
sorbent  collects  the  tracer  from  the  interior  air  at  a  constant  rate 
by  diffusion.  .After  a  sampUng  period  of  one  week  or  more,  the 
sampler  is  removed  and  analyzed  to  determine  the  average  tracer 
gas  concentration  within  the  building  during  the  sampling  period. 

Solv;,.g  Equation  (21)  for  c  and  taking  the  time  average  gives 

<r>*<~>-F<~>  (27) 

whisre<  . . .  >dei'acies  time  average.  (Note  that  the  time  average 
of  de/dB  is  assumed  to  equal  zero.) 

Equodon  (27)  shows  that  the  average  tracer  concentration  and 
theiitjecdon  n%  can  be  used  to  calctilate  the  average  of  the  tnveise 
air  esEhange  rate.  The  average  of  the  inverse  is  less  than  the  actual 
avenge,  with  the  magnitude  of  thu  difference  depending  on  the 
distribunon  of  air  exchange  rates  during  the  measurement  period. 
Sherman  and  Wilson  (1986)  calculated  these  differences  to  be 
about  20^  for  one-month  averaging  periods.  Differences  greater 
than  30^  have  been  measured  when  there  were  large  changes  in 
lair  exchange  rate  due  to  occupant  airing  of  houses:  errors  from 
'5  to  SOW  were  measured  when  the  variation  was  due  to  weather 
effects  (Bohac  «/  a/.  1987).  Longer  averaging  periods  and  large 
changes  in  air  exchange  rates  during  the  measurement  periods 
generally  lead  to  larger  differences  between  the  average  inverse  ex¬ 
change  rate  and  the  actual  average  rate. 

AIR  LEAKAGE 

The  air  leakage  of  a  building  characterizes  the  relationship  bet¬ 
ween  the  pressure  difference  across  the  building  envelope  and  the 
airflow  rate  thiough  the  envelope.  Building  air  leakage  is  a  physical 
properly  of  a  building  and  is  determined  by  its  design,  construc¬ 
tion,  seasonal  effects,  and  deterioration  over  time.  Although  air¬ 
tightness  is  just  one  faaor  in  determining  the  air  exchange  rate  of 
a  building,  it  is  useful  for  comparing  buildings  to  one  another  or 
to  airtightness  standards,  for  evaluating  design  and  consiniaion 
quality,  and  for  studying  the  effectiveness  of  airtightening 
retrofits.  No  simple  relationship  exists  between  a  building’s  air 
leakage  and  its  air  exchange  rate,  but  calculation  methods  do  exist 
(sec  Calculating  Air  Exchange). 

Measurement 

While  tracer  gas  measurement  procedures  provide  building  air 
ecchange  rates,  they  are  somewhat  expensive  and  time-consuming. 
In  many  cases  it  is  sufricient,  or  preferable,  to  measure  the  air 
leakage  of  a  building  with  pressurization  testing  (Strieker  I97S. 
Bunura  1975,  KronvaU  1978,  Blomsterberg  and  Harrje  1979).  Fan 
pressurization  is  relatively  quick  and  inexpensive  and  charaaerizes 
building  envelope  airtightness  independent  of  weather  conditions. 
In  this  procedure,  a  large  fan  or  blower  is  mounted  in  a  door  or 
window  and  induces  a  large  and  roughly  uniform  pressure  dif- 
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ference  across  ilte  building  shell  (CGSB  1986,  ASTNJ  1987).  The 
airflow  required  to  maintain  thu  pressure  difference  is  then 
measured.  ITte  leakier  the  building,  the  more  airflow  is  necessary 
to  induce  a  specific  indoor-outdoor  pressure  difference.  The 
airflow  rote  is  genenilly  measured  at  a  scrits  of  pressure  differences 
ranging  from  about  0.04  to  0.30  in.  o'  water. 

The  results  of  a  pit  .isurization  test,  therefore,  consist  of  several 
combinations  of  pressure  difference  and  airflow  rate.  An  (Tram¬ 
ple  of  typical  data  is  shown  in  Figure  8.  These  data  points 
characterize  the  air  leakage  of  a  buildins  and  are  generally  con¬ 
vened  to  a  single  value  that  serves  as  a  mcasuse  of  the  building's 
airtightness.  There  are  several  differeru  measures  of  airtighiness. 
and  most  of  them  involve  fitting  the  data  to  a  curve  in  the  form 
of  Equation  (16),  Le.,  Q  ■  Ciip".  The  airrightness  ratings  are  bas¬ 
ed  on  airflow  races  predicted  at  particular  reference  pressures  bv 
Equation  16.  The  basic  difference  between  the  different  air¬ 
tightness  ratings  is  the  'raJue  of  the  reference  pressure. 

In  some  cases,  the  predicted  airflow  rate  is  cor.vsrted  to  an 
equivalent  or  effective  leakage  area  bv  ^arranging  Equation  (IS) 
into  the  following  form: 

LmCi  n,  ^  /  Co  (28) 

wftere 

L  -  equivalent  or  effective  leakage  area,  in- 
dp..  «  reference  pressure  difference,  in.  of  water 
9,  w  predicted  airflow  rate  at  dp,  (from  a  curve  fit  to  the 
presturuaiion  test  data),  cl'm 
Cq  w  discharge  coeffleent 
Cf  a  unit  conversion  factor  >  0.186 
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Fig.  8  Airflow  Rate  Versus  Pressure  Difference  Data 
from  a  Whole  House  Pressurization  Test 
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fly  t^cuUties  I.,  {nil  tht  openingi  in  the  building  »heli  m  com- 
biiMKS  iBU)  as  owcmjll  opening  uen  and  diichsrge  coetlident  for 
iht  building..  Some  osars  of  tiu  leakage  area  approach  set  the 
dischargic  coeffldenr.  imual  to  I.  Others  sec  C'>*0.6,  Lk.,  the 
discharge  coufneient  for  a  sharp-edged  orifice.  The  leakage  am 
of  a  buildiag  is  therefore  the  atea  of  an  oriHce  (with  an.  assumed 
of  Cb)  that  would  produce  the  same  amount  of  leakage  as 
the  building  envelope  at  the  reference  pressuie. 

Whether  ab  airtightness  rating  based  on  leakage  area  or  a 
ixedkted  aiiflow  raw  a  used,  cither  quantity  is  fcoetuily  Qcrmaliz- 
cd  by  some  Actor  to  accotmt  for  building  size.  These  nonnaiiza- 
den  Acton  include  floor  area,  eatetior  envtiope  area,  and  building 
volume 

With  tlie  wide  varuny  of  possible  approaches  to  normaiicacion 
and  reference  pressme,  and  die  use  of  the  leakage  area  concept, 
many  different  airtightness  raiingt  ate  being  used.  Reference 
pressute  diffewui^i  in  use  Aclude  0.016, 0.04, 0.10, 0.20,  and  OJO 
in.  of  water.  Reference  pnusuies  of  0.016  and  0.04  in.  of  water  are 
advocated  bet  vsx  ritey  an;  closer  to  the  pressures  that  actually  in¬ 
duce  air  ecchangn.  While  this  may  be  true,  they  are  outside  the 
range  of  measured  value.s  in  the  test;  therefore  the  predicted 
airfhNw  tatts  at  Q.Qi6  or  0.04  in.  of  water  ate  subieet  to  significant 
unceHaiocy.  The  uncertainty  in  these  ptediaed  airflow  raws  and 
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Fig.  9  Comparison  of  Pressurization  Test  Results 
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the  implications  for  quantifying  airtigbrneit  arc  dbcussed  in  Per- 
sity  and  Croc  (1985b}. 

fome  common  alrtightn«s.s  ratings  mclude  the  effective  leakase 
area  at  0.C16  in.  of  water  assuming  Co  1-0  (Sherman  and 
Gnnurud  1980):  the  equivalent  leakage  aiea  ar  0.04  in.  of  v^trr 
assuming  Cp  •  Q.6il  (CGSB  1986);  and  the  airflow  rate  at  0.20 
in.  of  water,  divided  by  the  building  volume  tc  give  units  of  air 
changes  per  hour  (Bloituterberg  and  Harrjc  1979). 

Leakage  areas  at  one  reference  pressure  can  be  convened  to 
leakage  areas  at  some  other  reference  pressure  according  to: 

Lr,  Lr,t  {Cai  /C'a :)  i^P,.  z'to,, ,  T (39) 

wAerr 

JL, ,  «  fcakage  am  at  reference  pressure  ap,  |,  in; 

Lr_  2  ■*  leakage  ares  at  reference  pressure  Ap.  ^  in* 

Ca  'i  *  discliiuge  coefftcienr  used  to  calculace2.. , 

Caz  *  disetorse  coeffici-'T'U  used  to  catcula'ce  1... , 

M  a  Oowetporem 

A  leakage  area  at  one  reference  pressure  can  be  convened  to  an 
aiiriow  rate  at  itomc  othfr  reference  pressute  according  to; 

9,..*.  -  C,  Cfe,  I, ,  {2/Qir  (AU, , )'»•*'"  (Ap,i)"  (30) 

wk^re 

Z  »  airflow  tatc  at  reference  pressure  ip, elm 

Lf  I  >»  leakage  area  at  reference  pressure  in* 

Co  I  "  discharge  coefflcseRi  used  to  calculate  j 
C^y  •  viOKversion  factor  ••  3.39 

Finally,  one  may  convert  a  leakage  area  ro  »  flow  coeffident  in  j 

Equation  (16)  according  to: 

e  »  CyCo  L  "  (31) 

when 

{  »  ilow  coefftcienL  cfm  /  (in.  of  wv^er)" 

Co  "  duciuurge  coefTdent  used  lo  calculate  L 
»  kadugc  area  ar.  reference  pressure  Ap. 

Cy  •»  conversion  factor  «  3.39 

Equations  (29)  through  (31)  roquire  the  sssuinpuon  of  a  value 
of  n,  unless  it  is  reported  witfi  ihenteasurenjeot  results.  When  fit¬ 
ting  pressuiizaiion  test  data  tn  Equation  (16),  the  value  of  n 
ftinerally  lies  between  0.6  and  0.7.  Thercfo.’e,  u.sing  a  value  .of  n 
in  this  mege  is  reosonahle. 

Fan  pressurization  nte.tsure.t  a  properly  of  u  building  that 
id»Uy  varies  little  with  time  and  we;uher  conditions.  In  reality, 
unless  the  wind  and  temperature  difference  duTini.t  the  mtasurt- 
ment  period  are  suffldeniiy  mild,  the  pressuK  diffeiences  they  in¬ 
duce  during  the  test  will  interteir  with  the  test  pressuies  and  cause 
measurement  enors  PersUy  (19&:i2;  preseim;  an  erperimental  study 
of  the  effects  of  wind  speed  on  pmssurizaticn  test  results.  Several 
experimental  studies  have  shown  variations  on  the  order  of 
20  to  dOW  over  a  year  in  the  measured  .virtighmsss  in  homes  (Per- 
sily  1982.  Kim  and  Shaw  1986,  Warren  and  V,<ibb  1986). 

Figure  9  shows  several  pTessuri‘<:ation  test  results  for  residential 
buildings  (Ptrsily  1986).  These  results  are  in  units  of  air  changes 
per  hour  at  0.20  in.  of  water,  and  show  the  wide  range  in  aii- 
ttghtness  among  houses,  even  houses  of  identical  design.  The 
passive  solar  end  energy-<fficient  data  also  show  that  houses  that 
might  be  expeaed  to  be  relatively  ainight  ore  not  necessarily  that 
tight.  The  houses  in  Sweden — which  have  a  residential  building  / 
airtightness  standard  of  Xair  changes  per  hour  at  0.20  iryif  water  /Q  3 
for  single-family  detached  houses  (Swedish  Building  Code  ' 

1980) — are  exceptionally  tight,  as  are  the  houses  in  Canada. 

ASHRAE  Standard  119  (1988)  establishes  air  leakage  perfor¬ 
mance  levels  for  residential  buildings  Tnese  levels  are  in  terms  of 
the  normalized  leakage  L„: 
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Ln  -  Cg  {L/a) 


(12) 


nn 


’L .  ■  cfTcctive  Icalugc  arts  at  0.016  in.  of  water  (Cg  «  l.O),  in.* 
A  •  floor  am.  ft^ 

H  •  building  height,  ft 

w  refetence  height  of  oi:e>Rory  building  «  8  fl 
Cg  w  conversion  faaor  «  6.94 


Ibble  2  presenu  the  leakuBC  classes  of  Standard  119.  The  values 
.  of  L„  in  this  table  correspond  approximately  to  building  air  ex¬ 
change  rates  in  units  of  air  changes  per  hour.  The  standard 
specifies  appropriate  leakage  classes  for  a  building  based  on 
climate. 

.  Persily  and  Grot  (l98o)  ran  whole  building  pressurization  tests 
in  large  office  buildings,  which  showed  pressurization  airflow  rate 
divid^  by  the  building  volume  is  reladvely  low  compared  to  that 
of  houses.  However,  if  these  airflow  rates  are  normalized  by 
building  envelope  area  instead  of  by  volume,  the  results  indicate 
envelope  airtightness  levels  similar  to  typical  .‘\merica'i  houses. 


Air  Leakage  of  Building  Components 

The  fan  pressurization  procedure  discussed  earlier  enables  the 
<  easurement  of  whole  building  air  leakage.  The  location  and  size 
'i.'individuai  openings  in  building  envelopes  arc  extremely  impor¬ 
tant,  as  they  influence  the  air  infiltration  rate  of  a  building  as  well 
as  the  heat  and  moisture  transfer  characteristics  of  the  envelope. 
Additional  test  procedures  exist  for  pressure  testing  individual 
building  components  such  as  windows,  walls,  and  doors;  they  are 
discussed  in  ASTM5/nRdbrd!sE283  and  E783  for  laboratory  and 
field  tests,  respectively.  The  following  sectiotu  discuss  component 
^r  leakage  in  both  residential  and  conunerciai  buildings. 

Leakage  Dbtribution  in  Residentiai  Buildings 


Oickeroff  era/.  (1982)  and  Harrje  and  Oom  (1982)  studied  the 
air  leakage  of  individual  building  components  and  systems.  The 
following  points  summarize  the  percentages  of  whole  building 
leakage  associated  with  various  components  and  systetiu.  The 
values  in  parentheses  include  the  range  determined  for  each  com¬ 
ponent,  and  the  mean  of  the  range. 

Wilk;  (18  to  SOVt;  35^).  Both  interior  and  exterior  walls  con¬ 
tribute  to  the  leakage  of  the  structure.  Leakage  between  the  sill 
plate  and  the  foundation,  cracks  below  the  bottom  of  the  gypsum 
wall  board,  electrical  oudets.  plumbing  penetrations,  and  leaks 
into  the  attic  at  the  top  plates  of  walls  all  occur.  Since  interior  walls 
are  not  filled  with  insulation,  open  paths  connecting  these  walls 
and  the  attic  permit  the  walls  to  behave  like  heat  exchanger  fins 
within  the  conditioned  living  space  of  the  house. 

Ceiling  Details  (3  to  308’’*;  187t).  Leakage  across  the  top  ceil¬ 
ing  of  the  heated  space  is  particularly  insidious  because  it  truces 
the  effectiveness  of  insulation  on  the  attic  floor  and  contributes 
to  inflltration  heat  loss.  Ceiling  leakage  also  reduces  the  efrective- 
ness  of  ceiling  insulation  in  buildings  without  attics.  Recessed 
lighting,  plumbing,  and  electrical  penetrations  leading  to  the  attic 
are  some  particular  areas  of  concern. 

Heating  System  (3  to  288^;  188'*).  The  location  of  the  funuce 
or  duawork  in  conditioned  or  unconditioned  spaces,  the  venting 
arrangement  of  a  fuel-burning  device,  and  the  existence  and  loca¬ 
tion  of  a  combustion  air  supply  all  affect  leakage. 

Windows  uid  Doors  (6  to  22W;  ISW).  More  variation  is  seen 
|in  window  leakage  among  window  types  (e:g.,  casement  venus 
double-hung)  than  among  new  windows  of  the  same  type  from 
different  manufaaurers  (Vkidt  era/.  1979).  Windows  that  seal  by 


Table  2  Leakage  Classes 


Range  o/  Normalized  Leakage 

Leakage  Class 

/.,<0.I0 

A 

0.10</.,<0.14 

B 

0.14<L,<020 

C 

0.20<i,<028 

D 

023  0.40 

E 

0.40  </.,<  0.57 

F 

0J7iL„<0.SC 

O 

0.80<I,<1.13 

H 

1.13  1,60 

I 

1.60</,, 

J 

compressing  the  weatherstrip  (casements,  awnings)  show  sig¬ 
nificantly  lower  leakage  than  windows  with  sliding  seals. 

Fireplaces  (0  to  30®'o;  12^1).  When  a  fireplace  is  not  in  use.  poor- 
fitting  dampers  allow  air  to  escape.  Glass  doors  reduce  excess  air 
while  a  fire  is  burning  but  rarely  seal  the  fireplace  structure  more 
tightly  than  a  closed  damper  does.  Chimney  caps  or  fireplace  plugs 
with  telltale  signs  that  warn  they  arc  in  place  effectively  reduce 
leakage  through  a  cold  fireplace. 

Vents  in  Conditioned  Spaces  (2  to  12%;  5%).  Vents  in  condi¬ 
tioned  spaces  frequently  have  no  dampers  or  dampers  that  do  not 
close  properly. 

Diffusion  Through  Wills  (<1%).  Diffusion,  in  comparison  to 
infiltration  through  holes  and  other  openings  in  the  structure,  is 
not  an  important  flow  mechanism.  Typical  values  for  the 
permeability  of  building  materials  at  0.02  in.  of  water  (a  relatively 
large  pressure  for  infiltration)  produce  an  air  exchange  rate  of  less 
than  0.01  air  changes  per  hour  by  wall  diffusion  in  a  typical  house. 

Component  Leakage  Areas.  Ibble  3  shows  effective  leakage 
areas  for  a  variety  of  residential  building  components  at  0.016  in. 
of  water  with  a  assumed  equal  to  I  (Reinhold  and  Sondereg- 
ger  1983).  These  leakage  areas  ate  normalized  by  the  length  or  area 
appropriate  to  the  component,  and  may  be  converted  to  leakage 
areas  at  other  reference  pressures,  airflow  rates,  or  flow  coeffi¬ 
cients  using  Equations  (29)  through  (31). 

Commercial  Building  Envelope  Leakage 

The  building  envelopes  of  large  commercial  buildings  are  often 
thought  to  be  quite  ainight.  The  .National  .Association  of  .Archi¬ 
tectural  Metal  Manufacturers  specifies  a  maximum  leakage  per 
unit  of  exterior  wail  area  of  0.060  cfm/ft*  at  a  pressure  difference 
of  0.30  in.  of  water  exclusive  of  leakage  through  operable  windows. 
Tamura  and  Shaw  (1976a)  found  that  air  leakage  measurements 
in  eight  Canadian  office  buildings  with  sealed  windows,  assum¬ 
ing  a  flow  exponent  of  0.65  in  Equation  (16),  rangea  from  0.120 
to  0.4S0  cfm/ft^.  Other  measurements  taken  by  Persily  and  Grot 
(1986)  in  eight  U.S.  office  buildings  ranged  from  0.213  to  1.028 
cfm/ft*  at  0.30  in.  of  water.  Therefore,  office  building  envelopes 
are  leakier  than  expected.  Typical  air  leakage  values  per  unit  wall 
area  at  0.30  in.  of  water  are  0.10, 0.30,  and  0.60  cfm/ft-  for  tight, 
average,  and  leaky  walls  respectively  (Tamura  and  Shaw  1976a). 

Air  Leakage  Through  Internal  Partitions 

In  large  buildings,  the  air  leakage  associated  with  internal  pani- 
tions  becomes  very  important.  Elevator,  stair,  and  service  shaft 
walls,  floors,  and  other  interior  partitions  are  the  major  separa¬ 
tions  of  concern  in  these  buildings.  Their  leakage  characteristics 
are  needed  to  determine  infiUration  through  exterior  wails  and 
airflow  patterns  within  a  building.  These  internal  resistances  are 
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also  important  in  the  event  of  a  fire  to  predin  smoke  movement 
patterns  and  evaluate  smoke  control  systems. 

Ihble  4  gives  leakage  areas  (calculated  at  0  JO  in.  of  water  with 
Co  »  0.65)  for  different  internal  partitions  of  commercial 
buUdings  (Klote  and  Fothetgill  1983).  Figure  10  shows  examples 
of  measuitw  air  leakage  lates  of  elevator  shaft  walls  (Tkmun  and 
Shaw  1986b),  the  type  of  data  used  to  derive  the  values  in  Ihble 
4.  Chapter  S3  of  the  1987  HVAC  Volume  also  discusses  these 
issues. 

Leakage  openings  at  the  top  of  elevator  shafts  am  equivalent  to 
orifice  areas  of  620  to  1550  in^.  Air  leakage  rates  through  stair 
shaft  and  elevator  doors  are  shown  in  Figure  11  as  a  function  of 


average  crack  width  around  the  door.  The  leakage  areas  associated 
with  other  openings  within  commercial  buildings  are  also  impor* 
tant  for  air  movement  calculations.  These  include  interior  doors 
and  partitions,  suspended  ceilings  in  buildings  where  the  space 
above  the  ceiling  is  used  in  the  air  distribution  system,  and  other 
components  of  the  air  distribution  system. 

Air  Leakage  Through  E.\terior  Doors 

Door  infiltration  depends  on  the  type  of  door,  room,  and 
building.  In  residences  and  small  buildings  where  doors  are  used 
infrequently,  the  air  exchange  associated  with  a  door  can  be 


Table  3  Effective  Leakage  .4rea  of  Building  Componenu  '0.016  in.  of  water) 


Component 

Bast 

astimatc 

Max  Mia 

Component 

Best 

estimate 

.Max  .Min 

SILL  FOUNDATION  ~  WALL 

DOMESTIC  HOT  WATER  SYSTE.VIS 

Caulked,  iir/ft  of  perimeter 

0.04 

0.06  0.02 

Gas  Water  Heater  (only  if  in 

Not  caulked.  inVft  of  perimeter 

0.19 

0.19  0.05 

conditioned  space),  in;- 

3.1 

3.9 

2.325 

JOINTS  BETWEEN  CEILING  AND  WALLS 

ELECTRIC  OUTLETS  AND  LIGHT  nXTURES 

Joints,  ia*/ft  of  wall 

0.07 

0.12  0i)2 

Electric  Outlets  and  Switches 

(only  if  not  taped  or  plastered 

Gasketed,  in*  per  outlet  and  switch 

0 

0 

0 

and  no  vapor  barrier) 

Not  gasketed,  in*  per  outlet  and  twitch 

0.076 

0.16 

0 

WINDOWS 

Recessed  Light  Fixtures,  in^  per  fixture 

1.6 

3.10 

1.6 

Casement 

PIPE  AND  DUCT  PENETRAnONS  THROUGH  ENVELOPE 

Watbetstripped.  iir/ft^  of  window 

0.011 

0.017  0.006 

Pipes 

Not  weaUientripped.  of  window 

OJ123 

0J)34  0.011 

Caulked  or  sealed,  in*  per  pipe 

0.155 

OJI 

0 

Awning 

Not  caulked  or  sealed,  in*  per  pipe 

1J5 

OJl 

Weatherampped,  inVft^  of  window 

OJIU 

0J)17  0.006 

Ducts 

Not  weathetstripped.  iir/ft^  of  window 

0.023 

0.034  0.01t 

Sealed  or  with  continuous  vapor  barrier. 

Single  Hung 

Weatberstripped.  of  window 

0J)32 

0.042  0.026 

in^  per  duct 

Unsealed  and  without  vapor  barrier,  in' 

OJS 

005 

0 

Not  weathemripped,  ur/ft*  of  window 

0.063 

0.083  0.052 

per  dun 

3.7 

3.7 

20 

Weaibentripped.  in^/ft*  of  window 

0i>43 

0.063  0.023 

FIREPLACE 

Not  weathemripped.  iir/ft^  of  window 

0.086 

0.126  0.046. 

Without  Insen 

fittf  le  lUider 

Damper  dosed,  in*  per  fireplace 

10.7 

13.0 

3.4 

Weathemripped.  inVft^  of  window 

<tsnf> 

0439  0.013 

Damper  open,  in*  per  fiteplace 

54.0 

59.0 

50.0 

Not  weathemripped.  hr/ft^  of  window 

0J)32 

0.077  0.026 

With  Insen 

Double  Slider 

Damper  dosed,  in^  per  fireplace 

5.6 

7.1 

4.03 

Weathemripped,  inVft^  of  window 

0JJ37 

0.054  0.02 

Damper  open  or  absent,  in*  per  fireplace 

10.0 

14 

60 

Not  weathemripped.  itr/ft^  of  window 

0.074 

0.011  ao4 

EXHAUST  FANS 

DOORS 

Kitchen  Fui 

Single  Door 

Damper  dosed,  iir  per  fan 

0.775 

1.1 

0.47 

Wtatherstripped,  iir/ft^  of  door 

0.114 

0JI3  0.043 

Damper  open,  in*  per  fan 

6.0 

6.5 

5.6 

Not  weathemripped,  in^/ft^  of  door 

0.157 

0.243  0.086 

Bathroom  Fan 

Double  Door 

Damper  dosed,  in^  per  fan 

1.7 

1.9 

1.6 

Weathemripped,  ia*/ft*  of  door 

0JI4 

0.215  0.043 

Damper  opciu  in*  per  fan 

3.1 

3.4 

2.8 

Not  weathemripped.  in^/ft*  of  door 

0.16 

0J2  0.1 

Dryer  Vent 

Access  to  Attic  or  Ciawl  Space 

Damper  dosed,  in*  per  vent 

0.47 

0.9 

0 

Weathemripped,  ia^  per 

U 

2J  U 

Hearini  Ducts  and  Furnace  —  Forced  Air  Sysieim 

Not  weathetstripped,  in^  per  access 

4.6 

4.6  1.6 

DUCTWORK 

WALL  —  WINDOW  FRAME 

(only  if  in  unconditioned  space) 

HbodFmoiclw 

Cauikesln  inVfk^of  window 

0.004 

0.007  0.004 

Joinu  taped  or  caulked,  in*  per  house 

Joinu  not  taped  or  caulked,  in*  per  house 

n 

22 

11 

22 

5 

11 

No  caulking,  iir/ft^  of  window 

0.024 

0.039  0.022 

Masonry  WUl 

furnace 

Caulked,  iaVft^  of  window 

0.019 

0.03  0.016 

(only  if  in  conditioned  space) 

No  caulking.  inVft^  of  window 

0.093 

0.15  0.082 

Scaled  combustion  furnace,  in*  per  furnace 

0 

0 

0 

wall  -  DOOR  FRAME 

VUiod  WUl 

Retention  head  burner  furnace,  in* 
per  furnace 

5 

oo 

3.1 

Caulked,  in^/ft*  of  door 

0.004 

0.004  0.00! 

Retention  head  plus  stack  damper,  in* 

No  caulking,  inVfl^  of  door 

Masonry  UiUl 

0.024 

0.024  0.009 

per  furnace 

Furnace  with  stack  damper,  in*  per  furnace 

3.7 

4.6 

4,6 

6^ 

2.8 

3.1 

Caulked,  iir/ft^  of  door 

0.0143 

0.0143  0.004 

AIR  CONDITIONER 

No  caulking,  in^/ft^  of  door 

0.072 

0.072  0.024 

Will  or  window  unit,  in*  per  unit 

3.7 

5.6 

0 

Innitration  and  Ventilation 
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Table  4 

Leakage  Areas  for  Internal  Partitions  in 
Commercial  Buildings 

CoMtractloa 

WUi 

Am 

Element 

Tightness 

Ratio 

/t/A» 

STAIRWELL  • 

Tight 

0.14  X  10 

walls 

Average 

0.11  X  10 

Loose 

0J5  X  10 

elevator 

Tight 

0.18  X  10  -■* 

SHAFT  WALLS  Average 

0.84  X  10 

Look 

0.18  X  10-^ 

A/ A, 

FLOORS 

Avenge 

0.12  X  10 

/(■kakatcam  .t^awallaiea  ■  iloorana 


estimated  based  on  air  leakage  through  cracks  between  the  door 
and  the  frame.  A  frequently  opened  single  door,  as  in  a  small  retail 
store,  has  a  much  lar^  amoun :  of  airflow.  An  ASHRAE  research 
program  provided  dau  on  air  leakage  characteristics  of  swinging 
door  entrances  (Min  19S8,  'bmura  and  Wilson  1966  and  1967a) 
and  revolving  doors  (Schutrum  et  al.  1961).  A  design  chart  (Min 
1961)  based  on  this  report  (Schutrum  et  al.  1961)  evaluates  infiltra¬ 
tion  through  manual  and  power-operated  revolving  doors. 


CONTROLUNG  AIR  LEAKAGE 


New  Buildings 

It  is  much  easier  to  build  a  tight  building  than  to  tighten  an  est- 
isting  building.  Elmroth  and  Levin  (1983),  Eyre  and  Jennings 
(1983),  and  Marbek  (1984)  provide  information  and  construction 
etaiU  on  airtight  building  design  for  houses.  However,  little  cor- 
'tosponding  information  is  available  for  commercial  buildings. 

A  continuous  air  innitration  barrier  is  one  of  the  most  effec¬ 
tive  means  of  reducing  air  leakage  through  walls,  around  window 
and  door  frames,  and  at  joints  between  major  building  elements. 
The  air  infiltiation  barrier  can  be  installed  on  the  inside  of  the  wall 
framing,  in  which  case  it  also  usually  functions  as  a  vapor  retarder, 
or  on  the  outside  of  the  wall  framing,  in  which  case  it  should  have 
a  permeance  rating  high  enough  to  permit  diffusion  of  water 
vapor  from  the  wall.  For  a  discussion  of  moisture  transfer  in 
building  envelopes,  see  Chapters  20  and  21. 

When  the  air  inHltration  barrier  is  also  a  continuous  plastic  film 
vapor  retarder,  particular  care  must  be  taken  to  ensure  its  continui¬ 
ty  at  all  wall,  floor,  and  ceiling  joints;  at  window  and  door  frames; 
and  at  all  penetrations  of  the  air-vapor  barrier,  such  as  elearical 
outlets  and  switches,  plumbing  connections,  and  utility  service 
penetrations.  Joinu  in  the  air-vapor  barrier  must  be  lapped  and 
sealed.  Plastic  vapor  retarders  installed  in  the  ceiling  should  be 
tightly  sealed  with  the  vapor  retarder  in  the  outside  walls  and  con¬ 
tinuous  over  the  partition  walls.  A  seal  at  the  top  of  the  partition 
walls  prevents  leakage  into  the  attic;  a  plate  on  top  of  the  studs 
generally  gives  a  poor  seal. 

A  continuous  air-infiltration  barrier  itutalled  on  the  outside  of 
wall  framing  can  eliminate  many  difficult  construction  details 
associated  with  the  installation  of  continuous  air-vapor  barriers. 
Interior  air-vapor  barriers  must  be  lapped  and  sealed  at  electrical 
outlets  and  switches,  at  joints  between  walls  and  floors  and  joints 
between  walls  and  ceilings,  and  at  plumbing  connections 
penetrating  the  wall’s  interior  finish.  The  exterior  air-infiltration 
barrier  can  cover  these  problem  areas  with  a  continuous  material. 
Joints  in  the  air-infiltration  barrier  should  be  lapped  and  seated 
or  taped.  Exterior  air-infiltration  barriers  ore  generally  made  of 


a  material  stronger  than  plastic  film  and  are  more  likely  to  withs¬ 
tand  damage  during  construaion.  Sealing  the  wall  against  air 
leakage  at  the  exterior  of  the  insulation  also  cuts  down  on  convec¬ 
tive  currents  within  the  wall  cavity,  allowing  insulation  to  retain 
more  of  its  effectiveness. 

E.tisUng  Buildings 

The  air-leakage  sites  must  first  be  located  to  tighten  the  envelope 
of  an  existing  building.  As  discussed  earlier,  air  leakage  in 
buildings  is  due  not  only  to  windows  and  doors,  but  to  a  wide 


I 

I 

I 


Fig.  10  Air-Leakage  Rates  of  Elevator  Shaft  Wblis 


Fig.  11  Air- Leakage  Rate  of  Door  Versus 
Average  Crack  Width 
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nnge  of  unexpected  end  unobvious  construction  defects.  Many 
important  leakage  sites  can  be  very  difficult  to  find.  A  variety  of 
techniques  developed  to  locate  leakage  sites  are  described  in 
ASTM  Sumdard  E1186. 

OnM  leakage  sites  are  located,  they  can  be  repaired  with 
materials  and  techniques  appropriate  to  the  size  and  location  of 
the-leak.  Harr  je  tt  ai.  (1979),  Diamond  tt  al.  (1982),  and  Energy 
Resource  Center  (1983)  include  information  on  air  tightening  in 
existing  resident!^  buildings.  By  using  these  procedures,  the  air 
leakage  of  residential  buildinp  can  be  improved  dramatically. 
Depending  on  the  extent  of  the  tightening  effon  and  the  ex¬ 
perience  of  those  doing  the  work,  residential  buildings  can  be 
tightened  anywhere  from  S  to  more  than  50*''o  (Blomsterberg  and 
Harrje  1979,  Karrje  and  Mills  1980,  Jacobson  tt  ai.  1986,  Ver- 
scfaoor  and  Collins  1986,  Ciesbtecht  and  Proskiw  1986).  .Much  less 
experience  is  available  for  airtightening  large,  commercial 
buildings,  but  the  same  general  principles  apply. 

RESIDENTIAL  VENTILATION  SYSTEMS 

Infiltration  has  tradidonally  met  ventilation  requirements  for 
bouses.  When  the  building  envelope  is  leaky,  infiltration  usually 
meett  ventilation  needs,  but  under  mild  weather  condidons,  these 
outdoor  air  requirements  may  not  be  met.  During  typical,  or  mote 
severe,  weather  condidons,  vendladon  requirements  are  ecceed- 
ed  and  energy  is  wasted  to  condidon  the  ercessive  amounts  of  out¬ 
door  air.  The  only  way  to  control  the  vendladon  rate  of  a  building 
is  to  have  a  dght  building  envelope  and  a  properly  designed  and 
operated  mechanical  vendladon  system.  The  use  of  mechanical 
ventilation  in  houses  is  not  well-developed,  but  Fisk  tt  ai.  (1984) 
and  Heknut  er  ai.  (1986)  describe  several  opdons. 

One  residential  vendladon  option  is  balanced  mechanical  ven- 
dladon  with  heat  recovery  in  an  air-to-air  heat  exchanger  or  heat- 
recovery  vendlator.  In  this  technique,  roughly  equal  amounts  of 
air  are  supplied  to  and  exhausted  from  the  building.  In  the  heat 
exchanger,  heat,  and  in  some  cases  moisture,  is  transferred  between 
the  incoming  and  outgoing  airstreams  to  reduce  the  energy  con¬ 
sumption  associated  with  the  mechanical  vendladon  rate.  Perfor¬ 
mance  concerns  with  these  systems  include  the  balance  between 
the  supply  and  exhaust  airflow  rates,  leakage  between  the  two 
airstreanu,  biological  contaminadon  of  wet  surfaces,  frosting 
within  the  devices,  and  air  distribudon. 

Another  opdon  is  whole  building  exhaust  vendladon  with  sup¬ 
ply  through  intendonal  and  controllable  openings  in  the  building 
envelope.  In  this  technique,  energy  can  be  recovered  from  the  ex¬ 
haust  airstream  with  a  heat  pump  to  supplement  domestic  hot 
water  or  space  heating. 

CALCULATING  AIR  EXCHANGE 

ibehniques  for  calculadng  building  air  exchange  rates  have  im¬ 
proved  in  recent  years  (Liddament  and  Allen  1983).  This  secdon 
describes  several  calsuladon  procedures,  ranging  from  simple 
esdmadon  techniques  to  more  physical  m^els.  The  air  exchange 
rate  of  a  building  cannot  be  reiiabiy  estinuted  from  the  building's 
construedon  or  age,  or  from  a  simple  visual  itupecdon.  Some 
measurement  is  necessary,  such  as  a  pressurizadon  test  of  envelope 
airdghtness  or  a  detailed  quantilicadon  of  the  leakage  sites  and 
their  magnitude.  As  discussed  in  the  secdon  on  driving  mecha- 
nisRu,  it  is  straightforward  to  calculate  the  air  exchange  rate  of  a 
building  given  the  location  and  leakage  function  for  every  open¬ 
ing  in  the  building  envelope  and  between  major  building  zones, 
the  wind  piessure  coefficients  over  the  building  envelope,  and  any 
mechanical  ventilation  airflow  rates.  These  inputs  are  generally 
unavailable  for  all  except  very  simple  structures  or  extremely  well- 


studied  buildings.  Therefore,  assumptions  as  to  their  values  must 
be  made.  The  appropriateness  of  these  assumptions  determines 
the  accuracy  of  prediedons  of  air  exchange  rates. 

Empiricnl  Models 

These  models  of  residential  infiitradon  are  based  on  statistical 
fits  of  infiltration  rate  data  for  speciHc  houses.  They  use  pres¬ 
surization  test  results  to  account  for  house  airdghtness,  and  take 
the  form  of  simple  re  lations  between  infiltration  rate,  an  air¬ 
tightness  rating,  and,  in  most  cases,  weather  condidons.  The 
models  account  for  ettvelope  infiitradon  only  and  do  not  deal  with 
intendonal  vendladon.  In  one  approach,  the  air  changes  per  hour 
at  0.20  in.  of  water  from  a  pressurizatioir  test,  is  simply  divided 
by  a  constant  appro.dmately  equal  to  20  (Sherman  1987).  This 
estimate  does  not  account  for  the  effects  of  weather  on  air  ex¬ 
change.  Empirical  models  that  do  account  for  weather  effeos  haw 
been  developed  by  Reeves  etal.  (1979),  Kronvall  (1980a),  and  Shaw 
(1981).  The  latter  two  models  account  for  building  air  leakage  us¬ 
ing  the  values  of  c  and  n  from  Equation  (16).  The  only  other  in¬ 
puts  required  are  the  wind  speed  and  temperature  difference.  Such 
empirical  models  predict  infiltration  rates  very  well  in  the  houses 
from  which  they  were  developed;  they  do  not,  however,  work  as 
well  in  other  houses  due  to  the  building-spedfic  nature  of  leakage 
distribudon.  wind  pressure,  and  internal  parddoning.  Persily  and 
Linteris  (1983)  and  Persily  (1986)  show  comparisons  between 
measured  and  predicted  house  infiitradon  rates  for  these  and  other 
models.  The  average  differences  between  measurements  and 
predictions  are  generally  on  the  order  of  40>^o  for  both  models, 
although  individual  predictions  can  be  off  by  l(X)"a  or  more. 

Single-Cell  Models 

Several  procedures  have  been  developed  to  calculate  building 
air  exchange  rates  that  are  based  on  physical  models  of  the 
building  interior  as  a  single  zone.  These  models  are  only  ap¬ 
propriate  to  buildings  with  no  internal  resistance  to  airflow,  and 
are  therefore  inappropriate  to  large,  multizone  buildings.  .Models 
of  this  type  have  been  developeu  by  the  Institute  of  Gas  Tech¬ 
nology  (ICT),  (Cole  et  at.  1980),  the  Building  Research  Establish¬ 
ment  (Warren  and  Webb  1980),  and  the  Lawrence  Berkeley 
Laboratory  (LBL)  (Sherman  and  Grimsrud  1980).  The  LBL 
model  has  been  widely  used  and  serves  as  the  basis  of  the  calcula¬ 
tion  procedure  described  in  the  residential  calculation  example  sec¬ 
tion  that  follows.  It  uses  pressurization  test  results  to  characterize 
house  air  leakage  through  the  effeaive  leakage  area  at  0.016  in. 
of  water  {Cp  •  1).  In  addition  to  the  wiad  speed  and  temperature 
d  fference,  the  user  must  input  information  on  leakage  distribu¬ 
tion.  a  shielding  parameter,  and  a  local  terrain  coefficient.  The 
predictive  accuracy  of  this  model  can  be  very  good  when  the  in¬ 
puts  are  well  known  for  the  building  in  question  (Sherman  and 
Modera  1986),  but  the  predictions  are  not  as  accurate  when  the 
inputs  are  not  known.  All  these  single-zone  models  are  sensitive 
to  the  values  of  the  inputs,  and  it  is  generally  quite  difricult  to 
determine  appropriate  values.  These  models  have  exhibited 
average  errors  on  the  order  of  407»  for  many  measurements  on 
groups  of  houses  and  can  be  of f  by  l(X)7o  in  individual  cases  (Per¬ 
sily  1986). 

Multicell  Models 

Multicell  models  of  air  exchange  treat  buildings  os  a  series  of 
interconnected  zones  and  assume  that  the  air  within  each  zone  is 
well  mixed.  Several  such  models  have  been  developed  by  Etheridge 
and  Alexander  (1980),  Liddament  and  Allen  ( 1983),  Walton  (1984), 
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and  Herriin  (19<i:5\.  They  are  all  based  on  a  mass  balance  for  each 
zone  of  the  buildiug.  These  mass  balances  ate  used  to  solve  for  an 

^ tenor  static  pressure  within  the  building  by  requiring  that  the 
flows  and  outflows  for  each  zone  balance  to  zero.  These  models 
requite  the  user  to  input  a  location  and  leakage  funaion  for  every 
opening  in  the  building  envelope  and  relevant  interior  panitions, 
a  value  for  the  wind  pressure  coefficient  Cp  at  the  location  of 
each  building  envelope  leakage  site,  and  any  mechanical  ventila- 
don  airflow  rates.  This  informauon  is  difficult  to  obtain  for  a 
building.  Wind  pressure  coefficient  data  in  the  literature,  air 
leakage  measurement  results  from  the  building  or  its  components, 
and  air*ieakage  data  from  the  literature,  can  be  used.  These  models 
not  only  solve  for  whole  building  and  individual  zone  air  eixhange 
rates,  but  also  determine  airflow  rates  between  zones.  These  in* 
terzone  airflow  rates  are  useful  for  predining  pollutant  tianspon 
within  buildings  and  smoke  movement  patterns  in  the  event  of  a 
fire.  Multizone  models  have  the  advantage  of  providing  a  physical¬ 
ly  correct  determination  of  airflow  rates,  and  very  comple.x 
representations  of  buildings  can  be  easily  modeled  on  personal 
computers. 

Residential  Calculation  E.Yampie 


This  section  presents  a  simple,  single-zone  approach  to 
calculating  air  innitration  rates  in  houses  based  on  the  LBL 
model.  The  approach  requires  the  effective  leakage  area  at  0.016 
in.  of  water,  which  can  be  obtained  from  a  whole  building  pres¬ 
surization  test,  if  a  test  value  is  not  available,  the  dau  in  Table  3 
can  be  used  to  estimate  the  leakage  area  of  the  building.  The  values 
in  the  tables  present  results  in  terms  of  leakage  area  per  compo- 
nenL  Per  unit  component  means  either  per  component,  per  unit 
surface  area,  or  per  unit  length  of  crack,  whichever  is  appropriate, 
lb  obtain  the  building’s  total  leakage  area,  multiply  the  overall 
dimensions  or  number  of  occurrences  of  each  building  compo¬ 
nent  by  the  appropriate  uble  entry.  The  sum  of  the  resulting  pro¬ 
ducts  is  the  total  building  leakage  area. 

Ihble  2  gives  the  result  of  an  example  calculation  of  the  effec¬ 
tive  leakage  area  of  a  residence.  Each  leakage  component  is  iden- 
dfied  in  the  first  column,  and  described  in  the  second.  The  length, 
area,  or  number  of  componenu  is  in  the  third  column.  The  founh 
column  contains  the  leakage  area  per  unit  component,  from  Ihbie 
3  and  the  fifth  contains  the  total  leakage  area  associated  with  that 
component.  The  sum  of  the  terms  in  the  last  column  is  the  total 
leakage  area  of  the  building,  in  this  cose  131  in.'. 

Using  the  effective  leakage  area,  the  airflow  rate  due  to  infiltra¬ 
tion  is  calculated  according  to: 

Q  m  HA  tt  +  Bv^)  (33) 

when 

Q  m  airflow  rate,  cfm 
L  m  effecuve  leakage  area,  in.^ 

A  m  suck coeffideni,  (cfmrlin.)  (F)"' 

Sr  •  avenge  indoor-outdoor  temperature  difference  for  the  time 
interval  of  the  calculation,  *F 
B  ■  wind  coefficient,  (cfm)^ (in.)""* <mph)~^ 

V  -  average  wind  speed  measured  at  a  local  weather  suiion  for 
the  time  intervd  of  interest,  mph 


The  infiltration  rate  of  the  building  is  obtained  by  dividing  Q 
by  the  building  volume.  The  value  of  B  depends  on  the  local 
shielding  class  of  the  building.  Tible  6  lists  five  different  shielding 
classes. 

Table  7  presents  values  of  /I  for  one,  two,  and  three-story 
houses.  Table  8  presents  values  of  B  for  one,  two,  and  three-story 
houses  in  shielding  classes  one  through  five.  In  calculating  the 
values  in  Ihbles  7  and  8.  several  assumptions  are  made  regarding 
inputs  to  the  LBL  model.  They  include  terrain  classes  of  3  (rural 


area  with  scattered  obstacles),  R  >  0.5  (half  of  the  building 
leakage  in  the  walls),  and  X  «  0  (equal  amounts  of  leakage  in  the 
floor  and  ceiling).  The  height  of  the  one,  two,  and  three-story 
buildings  are  8,  16,  and  24  ft,  respectively. 

Lramplc  1.  Estimate  the  intlltration  at  design  conditions  for  a  two-story 
house  in  Lincoln.  Nebraska.  The  house  has  an  effective  leakage  area  of 
77  in.',  a  volume  of  12.000  ft^,  and  is  surrounded  by  a  thick  hedge 
(Shielding  Class  3). 

Solution;  The  97.5^s  design  temperature  for  Lincoln  is  -  2  ‘F.  Assume 
a  design  wind  speed  of  13  mph.  Choosing  A  (0.0313)  from  Tabic  6  and  B 
(0.0086)  from  Ihbie  S,  the  airflow  rate  due  to  infiltration  is: 

Q  -  77  [(0.0313)70)  *  (0.0086  x  I5-)1°- 

-  156  cfm  »  9384  ftVh 

The  infiltration  rate  /  is  equal  to  Q  divided  by  the  building  volume: 
f  «  (9384  ft^'h)  /(12.000  ft’) 
or  /  a  0.78  ach 

E.tafflple  2.  Calculate  the  average  infiltration  during  a  one-week  period 
in  January  for  a  one-story  house  in  Portland.  Oregon.  During  this  period, 
the  average  indoor-outdoor  temperature  difference  is  30  °F  and  the  average 
wind  speed  is  6  mph. 

The  house  has  a  volume  of  9,000  ft’,  an  effective  leakage  area  of  107 
in.*,  and  is  located  in  an  area  with  buildings  and  trees  within  30  ft  in  most 
directions  (Shielding  Oass  4). 

Solution;  The  airflow  rate  due  to  infiltration  is: 

Q  -  1071(0.0156)  X  30)  f  (0.0039  x  6’)!'^* 

-  83.5  cfm  -  5.000  ftVh 

The  infiltration  rate  is  therefore: 

I  m  (5.000  ftVh)/ (9.000  ft’) 

/  -  0.56  ach 


Table  5  E-xample  of  Calculation  of  Building  Leakage  .\rea 
Based  on  Component  Leakage  Areas 


Componenc 

Description 

Di 

L, 

D,L, 

Sills 

Uncaulked 

142  ft 

0.19  in*  /ft 

27.0 

Electrical 

outlets 

20 

0.08  in-  ea 

1.6 

Windows 

Framing 

Sliding 

141  ft* 
141  ft* 

0.057  in'/ft- 
0.024  in- /ft- 

11.4 

Exterior  doors 
Framing 

Single 

62  ft- 
62  ft- 

0.11  inVft*^ 
0.024  in- /ft' 

8.3 

Fireplace 

Without 

damper 

1 

54.0  in*  ea 

54.0 

Penetrations 

Pipes 

7 

0.93  in-  ea 

6.3 

Heating  Duns 

Duns  unuped, 
in  basement 

1 

22.0  in*  ea 

22.0 

Calculated  Building  Leakage  .Area,  L  « 

131  in- 

_ Table  6  Local  Shielding  Classes 

Class _ Pcscripilon _ 

1  No  obstructions  or  local  shielding 

2  Light  local  shielding;  few  obstructions,  a  few  trees,  or  small 
shed 

3  Moderate  local  shielding;  some  obstructions  within  two  house 
heights,  thick  hedge,  solid  fence,  or  one  neighboring  house 

4  Heavy  shielding;  obstructions  around  most  of  perimeter, 
buildings  or  trees  within  30  ft  in  most  directions;  typical 
suburban  shielding 

5  Very  heavy  shielding;  large  obstructions  surrounding 
perimeter  within  two  house  heights;  typical  downtown 
shielding. 


23.18 


1989  Fundamentals  Handbook 


Table?  Sack Coefncicnt, ^ 


Om 

Houae  Height  (stories) 
TWO 

Three 

Stack  eoaffident 

R0156 

0.0313 

0.0471 

Tables  Wind  Coefficient.  B 


SkMdiag 

Cfaw 

Om 

House  Height  (stories) 
TWO 

Three 

1 

0.0119 

0.0137 

0.0184 

2 

0.0092 

0.0121 

0.0143 

3 

0.0063 

0.0086 

O.OIOI 

4 

0.0039 

0.0031 

0.0060 

3 

0.0012 

0.0016 

0.0018 

This  estiauie  of  infUtiation  is  an  estiinau:  of  the  avenge  value  over  the 
one-wwek  interval  for  which  the  weather  information  was  obtained  and 
avenged. 

EaaaipleX  Esthnate  the  avenge  inflltmtion  over  the  heating  season  in 
a  two-ftory  house  with  a  volume  of  11.000  ft^  and  the  leakage  area 
ealeulatad  in  Ihble  5  (131  in.*).  The  house  is  located  on  a  lot  with  scvenl 
huge  trees  but  no  other  dose  buildings  (Shielding  Class  3).  The  average 
wind  speed  during  the  beating  season  is  7  mph,  while  the  average  indoor, 
outdoor  temperature  difference  is  3d*F. 

Soiutioic  From  Equation  (33)  the  airflow  nte  due  to  infiltntion  is: 

Q  -  131  ((0.0313  X  36)  +  (0.00S6  x  7*)l‘^ 

-  163cfra  -  9780ft*/h 


The  averaee  infiltntion  is  therefore; 

l"/-  »7«0fk*/h  +  11.000  ft* 
l^/w  aSOaeh 

Again,  this  ouiniie  li  VIUU  I'Ur  UffCmeTniaval  used  in  computing  the 
avenge  values  of  the  weather  variables.  Therefore,  since  Use  tcmpeniute 
difference  and  wind  speed  are  values  avenged  over  the  entile  heating 
season,  the  inflltratian  estimate  is  valid  over  the  same  interval. 
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Table  2.  Typical  Perfomance  Values  (for  halocarbon  coapreasors) 


Exanple  conversion,  Btu/W«hr  to  W/W:  6.0  Btu  x  kWh  x  1000  W  =  1.76 

W*hr  3413  Btu  kW 


Appendix  D.  ACRONYMS 


A/C  air  conditioning 

AHU  air  handling  unit 

Btu  British  thermal  unit 

CHW  chilled  water 

cfm  cubic  feet  per  minute 

CNN  condenser  water 

DHW  domestic  hot  water 

DX  direct  expansion 

EMCS  Energy  Monitoring  and  Control  System 

ESA  Energy  Savings  Analysis  computer  program 

*  F  Fahrenheit 

hr(s)  hour(s) 

HVAC  Heating,  Ventilating,  and  Air  Conditioning 

HW  hot  water 

kW  kilowatt 

kWh  kilowatt-hour 

lb  pound 

MBtu  million  Btu 

MCWB  mean  coincident  wet  bulb  temperature 

OA  outside  air 

yr  year 
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Appendix  E.  SELECTED  REFERENCES 


Total  Energy  Management 

NEMA  (National  Electrical  Manufacturers  Association) 

Handbook  of ^Ir  Conditioning  System  Design  «1965 
Carrier  Air  Conditioning  Company 

Local  Climatological  Data.  Annual  Summary  with  comparative  Data 
National  Climatic  Data  Center  (NCDC) 

Federal  Building 

Asheville,  North  Carolina  28801 

Energy  Conservation  with  Comfort 
Honeywell 

1983  ASHRAE  Handbookr-Eoulpment 

1989  ASHRAE  Handbook— Fundamentals 

American  Society  of  Heating,  Refrigerating  and  Air  Conditioning 
Engineers ,  Inc . 
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Appendix  P.  BIANK  FORMS 


ESA  Program  Field  Survey  Data  Sheets 


GROUP 


MOTE*  (MTS  OF  MEASURE;  Aim  -  IP,  Tm^xantum  -  *r 
Appan^lbc  A  for  at^Amkin  cf  tannWi 


QBQUPMTA 


1 

J 

Skatch  prpjact  layout  •  locationa,  distanoas  balwaan  buildinga,  Important  faaturas,  ate. 


GROUP 


BUILDING 


BUIIPIN6  DATA  (1/3) 

Building  Houra  of  Operation;  01(X>0600  OSOD-IBOO  1700-2400  Other 

Heating  Fuel  Type; _ 

Sketch  Building  •  Locate  Zones,  Windows,  Ooora,  etc. 


Page _ of 


GROUP 


BUILDING 


ZONE  BATA 


7nMF  in 

SyiUAmn  RMiving  7nna  1 

Nominal  hours/week  occupied  <nH'k  H 

Warmup  time  betrye  nm.ipancy  (hr)  fl 

1  oMi  Temperature  Limit  <LTL^  1 

Summer  Setpoint  Reset  <SSPR>  R 

Occupied  Winter  Setpoint  <WSP> 

(SSPR  s  AST-SSP)  1 

Days/Week  Heating  Equipment  Operation  <Dh>  - 

Winter  Setpoint  Reset  <WSPR'^  H 

Days/Week  Cooling  Equipment  Operation  <De> - 

(WSPR  3  WSP-AWT,  <  WSP-LTL)  I 

SPECIAL  REQUIREMENTS 

Can  ventilation  be  shut  down  for  duty  cycling?  (Y/N) _ 

Can  ventiiation  be  shut  down  for  demand  limiting?  (Y/N) 

Can  ventilation  be  shut  down  during  unoccupied  hours?  (Y/N) 

H  yes,  what  is  the  required  OA  purge  time  before  occupancy?  <PT> . 
REMARKS 


For  what  %  time?  <DCST>. 


For  what  %  time?  <DLST>. 


ZONE  DATA 


GROUP 


BUILDING 


No.  of  Floors  (above  grourvJ) 

Avg.  Floor  to  Floor  Height  ______ 

No.  of  Basement  Levels  ■  .  .. 

Gross  Floor  Area  <Af>  - 

Roof  Area  <A^>  - _  _ _ _  . 

Estimated  total  bldg,  air  infiltration  (cfm)  <l> 


Windows  <A,„„g^>  _ 
Doors  <A«^>  - 

Othwr 

Walls,  net 


GROUP 


BUILDING 


WINDOW  TYPE 
WINDOW  TYPE 
WINDOW  TYPE 


DOOR  TYPE  — 
DOOR  TYPE- 
DOOR  TYPE- 


OTHER _ 

OTHER _ 

OTHER _ 


^  fwt  ^mMow  *  ^Ktndoi*  ^door  *  ^door  ^(oo»  *  ^tool 


Remarks  •  Note  air  leaks,  structural  damage,  broken/defective  wiridows,  fit  of  wiixlows  and  doors,  vents  that  remain 
open,  etc. 


GROUP 


BUILDING 


SYSTEM 


Applicable  Systenw 


A.  Single  Zone  AHU 

B.  Terminal  Reheat  AHU 

C.  Variable  Volume  AHU 

D.  Multt-zorte  AHU 

E.  Single  Zone  DX-A/C 

F.  MiHtHZOne  DX-A/C 

G.  Two  Pipe  Fari  Coil  Unit  1 

H.  Four  Pipe  Fan  Coil  Unit  j 

i 

Syttam  Desc _ _ 

LCH  JBWWI  ^ 

Syttem  Efndeney  <HSE>  ..  ■ 

Reheat  Con  Reset  <RHR>  - 
Present  percent  of  OA  used  (dedmaQ  <POA> 
Energy  Used/Ton  Refrigeration  <CPT> - 


Zones  Served _ 

Total  Area  Served  <Az>  ___ 
Unit  Supplying  Heating  Energy. 

Heating  Energy  Fuel  Source  . 
Unit  Supplying  Cooling  Energy. 
Cooling  Er>ergy  Fuel  Source . 


CURRENT  OPERATING  SCHEDULE 
Hours/Week  Heatirtg  System  <Kh>  . 

Hours/Week  at  WSP  <Hwsp> _ 

Hours/Week  Cooling  System  <Hc>  . 
Hours/Week  at  SSP  <Hsap> _ 


FAN  DATA 
EUQgjgD 

Supply  Air 
Return  Air 


PROPOSED  OPERATING  SCHEDULE 
Hours/Week  Heatir>g  System  <HhEMCS> 
Hours/Week  Cooling  System  <HeEMCS> 
Can  system  be  shut  down  when 

zone(s)  unoccupied?  (Y/N)  _ 


<CFM> 

<HP> 

PUMP  DATA 

<HP> 

AUX  DATA 

Function 

MULTI-ZONE  DATA 

Percent  of  air  passing  through  Hot  Deck  <Phd>  . 
Percent  of  air  passing  through  Cold  Deck  <Pcd> 
Operatirtg  Hours/Week  Dual  Deck  <Hhc>  __ _ 


Summer  Hot  Deck  Reset  <SHDR>  _ 

Winter  Hot  Deck  Reset  <WHDR> _ 

Summer  Cold  Deck  f>eset  <SCDR>  , 


<HP> 


MAX/MIN 

ZONE 

DATA 


<WSP>  - 
<LTL>  « 
<OH>  — 
<DCST> 


<SSP>  — 
<WSPR> 
<SSPR> . 
<DLST>  . 


<WU> 
<Dh>  . 
<Dc>  . 
<PT>  . 


GROUP 


BUILDING 


SYSTEM 


Appileable  Systems 


1.  Electric  Unit  Heater 

M.  Direct  Fired  Boiler 

1 

0.  Hot  Water  Radiation  1 

1  J.  Electric  Radiation 

N.  Steam  Unit  Heater 

U.  HTHW/Steam  Converter  1 

1  K.  Heating/VerTtilating  Unit 

1  L  Direct  Fired  Furnace 

0.  Hot  Water  Unit  Heater 
.  P.  Steam  Radiation 

V.  HTHW/HW  Converter  | 

7nnM  Riir4/ari 

TnHil  Aran  Served  <Av^ 

1  Ink  Supplying  Heating  Energy 

Heefing  Ene*gy  Fual  SmirM 

Present  percent  of  OA  used  (decimal)  <P0A>  — 

Max  TotaJ  Input  Rating  (Btu/hr)  . 

Heating  system  Efficiency  Increase  <0AEI> 

CURRENT  OPERATING  SCHEDULE  PROPOSED  OPERATING  SCHEDULE 

Houre/Wa«k  Heating  System  <Hh> _  Hours/Week  Heating  System  <HhEMCS> 

Houra/Week  at  WSP  <Hwap>  _ _ 


FAN  DATA 

PUMP  DATA 

AUX  DATA 

■mf 

EUQSISQ 
Supply  Air 

<CFM> 

<HP> 

Function 

<HP> 

Function 

<HP> 

Return  Air 

1 

J 

I 

L*P— — — 

1  MAX/MIN 

1  ZONE 

^WfiPR% 

1  DATA 

<DCST> 

•rflLtST-*, 

L 

-  1 

REMARKS 


I 


GROUP 


BUILDING 


SYSTEM 


R.  Staam  Boilar 


S.  Hot  Watar  Boilar 


Syttam  tw _ 

Location . 

Efficiancy  Incraaaa 
whan  Changing  Boilars  <BCEI>  , 
Syaiam  Availability  (days/yaar)  __ 


Zonas  Salved _ 

Heating  Energy  Fuel  Type , ,  . 

Max  Total  Capacity  (Btu/hr)  <CAP>  - 
Heating  ayatam  Efficiency  Increase  <OAEI> 
System  Efficiency  <HSE> _ _ _ 


GROUP 


BUILDING 


SYSTEM 


Applicable  Systems 


I  W.  Water  CoolecI  DX  Compressor 
I  X.  Air  Cooled  DX  Compressor 


Y.  Air  Cooled  Chiller 

Z.  Water  Cooled  Chiller 


System 

lnra*inn 

Chiller  Type:  (1)  Centrifugal  (2)  Absorption 

(3)  Reciprocal  (4)  Screw  Comp 

Centrifugal  Chiller  Motor  HP  <CHP>  ,  — 

Centrifugal  Chiller  Motor  Effioertcy  <CME>  -  „  — 

System  Availability  (days/year)  -  — 


Zones  Served 

Energy  Used/Ton  Refrigeration  <CPT> _ 

Chiller  Capacity  (tons)  <TON> 

Present  Condenser  Water  Temperature  <PCWT>  , 

Is  the  condenser  fan  continuous  or  cycling? _ 

Chiller  water  temperature  reset  <CWTR> _ 


Efficiency  Increase  when  changing  chillers  <CSEI> _ 

Can  the  centrifugal  chiller  be  shut  down  for  demand  limiting?  (Y/N) _ Foi 

Can  the  centrifugal  chiller  capacity  be  stepped  down  for  demand  limiting?  (Y/N) 


For  what  %  time?  <SOT> . 


By  what  %?  <SDC> . 


CURRENT  OPERATING  SCHEDULE 
Hours/Week  Cooling  System  <Hc>  . 


PROPOSED  OPERATING  SCHEDULE 
Hours/Week  Coolirtg  System  <HcEMCS> 


FAN  DATA 
Function 


REMARKS 


GROUP 


BUILDING 


SYSTEM 


Appllobto  Sy«fm> 


Page 
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Appendix  F.  BLANK  FORMS  (continued) 


ESA  Program  Screen  Data  Input  Forms 


GROUP 


BUILDING 


Variable  Description 

Symbol 

Avg  Entering  Condenser  Water  Temperature 

ACWT 

Annual  Number  of  Days  for  Morning  Warmup 

ANDW 

Average  Summer  Temperature 

AST 

Average  Winter  Temperature 

AWT 

Coolirtg  Full-Load  Hours 

1 

CFLH 

Heatirtg  Full-Load  Hours 

HFLH 

Weeks  of  Cooling 

WKC 

Weeks  of  Heating 

WKH 

Average  Outside  Air  Enthi^py 

OAE 

Percent  Run  Time 

PRT 

[  ]  Cheek  here  if  Chiller  uses  steam. 

Heating  Fuel  Type: 

choice  list 

Variable  Description 

Symbol 

Heating  Value  of  Fuel 

HV 

Mod  Comb  Thermal  Transmittance 

UoAo 

Total  Air  Infiltration 

1 

Gross  Fioor  Area 

Af 

Building  Thermal  Transmission 

BTT 

Btu/hr»*F 

cfm 

Btu/hr»ft'»*F 


**  Heating  Fuel  Type; 

Electricity  (at  the  meter) 

Electricity  (at  point  of  generation) 
Fuel  oil,  distillate  #2 
Fuel  oil,  residual  #6 
Natural  gas  (methane) 

Propane,  gas 
Propane,  liquid 
Bituminous  coal 

Steam  (at  point  of  consumption) 
S^eaiii  (^  point  of  generation) 


3413  Btu/kWh 
11,600  Btu/kWh 

138.690  Btu/gallon 

149.690  Btu/gallon 
1,025  Btu/cf 
2500  Btu/cf 

91,500  Btu/gallon 
26,260,000  Btu/shon  ton 
1000  Btu/lb 
1390  Qtu/lb 


***  BTT  is  calculated  by  the  program. 
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QROUP 


BUILDING 


SYSTEM 


Appitoabte  Systwna _ _ 

I  A.  Singl*  Zone  AHU  D.  Muttf-zona  AHU  Q.  Tvvo  P;p«  Fan  Coil  Unit  I 

i  B.  Tarminal  Reheat  AHU  E.  Single  Zone  DX-A/C  H.  Four  Pipe  Fan  Coil  Unit  ! 

I  C.  Variable  Voluine  AHU  F.  MuW-zooe  OX-A/C  _  I 


Syatem  Data  Emry 


1  System  Deaoiption: 

1  Variable  Description 

Symbol 

Value 

Units 

1  Area  of  zone 

Az 

ft‘ 

Winter  thermostat  setpoint,  occupied 

WSP 

•F 

Low  temperature  limit 

LTL 

•F 

Haatir>g  operation  without  EMCS 

Kh 

hours/week 

Heating  operation  with  EMCS 

HhEMCS 

hours/week 

Heating  system  efficiency 

HSE 

decimal 

Summer  thermostat  setpoint,  occupied 

SSP 

•F 

Return  air  enthalpy  when  urroccupied 

RAE 

Btu/lb 

Cooling  operation  without  EMCS 

He 

liours/week 

Cooling  operation  with  EMCS 

HcEMCS 

hours/week 

Cooling  energy  consumption  per  ton 

CPT 

•••• 

Supply  air  capacity 

CFM 

cfm 

Present  fraction  of  outside  air  used 

POA 

decimai 

Equipmem  motor  horsepower 

HP 

hp 

Equipment  motor  load  factor 

L 

decimal 

Zone  occupied  hours 

OH 

hours/week 

Duly  cycling  shutdown  time 

DCST 

percent 

DemarKi  limiting  shed  time 

DLST 

percem 

Winter  thermostat  setpoint  reset 

WSPR 

•F 

Wirrter  setpoint  equipmerrt  operation 

Hwsp 

hours/week 

Summer  thermostat  setpoint  reset 

8SPR 

•F 

Summer  setpoint  equipment  operation 

Hssp 

hours/week 

*•**  kW/ton  or  Ib-ton/hr 
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BUILDING 


SYSTEM 


wJ 


Applicable  Systems 

I  A.  Single  Zone  AHU  D.  Multi-zone  AHU  G.  Two  Pipe  Fan  Coil  Unit 

I  B.  Terminal  Reheat  AHU  E.  Single  Zone  DX-A/C  H.  Four  Pipe  Fan  Coil  Unit 

I  C.  Variable  Volume  AHU _ F.  Multi-zone  DX-A/C _ _ 


System  Data  Entry  (continued) 


Shutdown  system  when  bldg  unoccupied? 

Present  warmup  time  before  occupancy 

Heating  equipment  operating  schedule 
Cooling  equipment  operating  schedule 
Purge  tirrM  before  oceupar>cy 

WU 

Dh 

Dc 

PT 

— 

YorN 

hours/day 

days/week 
•F  1 

•F  1 

Fraction  of  total  air  thni  hot  deck 

Phd 

dedmal  | 

Hot/cold  deck  equipment  operation 

Hhc 

hours/week  | 

Summer  hot  deck  reset 

SHDR 

•F 

Winter  hot  deck  reset 

WHDR 

•F 

Fraction  of  total  air  thru  cold  deck 

Pcd 

dedmal 

1  Summer  cold  deck  reset 

SCDR 

•F 

1  Reheat  coding  coil  discharge  reset 

RHR 

•F 

Optimum  start/stop  heating  savings 

Optimum  stait/stop  htg-vent  savings 

Optimum  start/stop  htg  aux  savings 

MVh  1 

Optimum  start/stop  coding  savings 

MBtu  or  kWh  | 

Optimum  start/stop  dg-vent  savings 

MBtu  or  kWh 

Optimum  start/stop  dg  aux  saving 

kWh 

Economizer  coding  savings 

MBtu  or  kWh 

QHOUP 


BUILDING 


SYSTEM 


Applicabie  Syatems 

!  A.  Single  Zone  AHU 

0.  Muni-zone  AHU 

G.  Two  Pipe  Fan  Coil  Unit 

i 

1 

i  B.  Terminal  Reheet  AHU 

1  C.  Variable  Vdume  AHU 

E.  Single  Zone  DX-A/C 

F.  Mum-zone  OX-A/C 

H.  Four  Pipe  Fan  Coil  Unit 

1 

1 

t 

1 

System  Data  Entry  (oontiniied) 

Scheduled  start/stop  labor  savirtga 

mh 

Optimum  start/stop  labor  savings 

mh 

Duty  cycling  labor  savtrtgs 

mh 

Cenrtartd  limiting  labor  savings 

mh 

Day/night  setback  labor  savirtgs 

mh 

Economizer  labor  savings 

mh 

VerS/redre  labor  savings 

mh 

Ho:  deck/oold  deck  labor  savings 

mh 

Reheat  onil  labor  savings 

mh 

Run  time  recording  labor  savings 

mh 

Saiiety  alarm  labor  savings. 

mh 

SyiMm  Strategy  Selection  and  Annual  Savings 


1  1  ]  Scheduled  Start/Stop 

[ )  Run  Time  Recording 

1  [  ]  Optimum  Start/Stpp 

n  Safety  Alarm 

1  [  1  Duty  Cycling 

1  [  ]  Demand  Limiting 

1  [  ]  Oay/Night  Setback 

g  '  ]  Economizer 

1  [  ]  Ventilation/Redrculation 

1  ( ]  Hot/Cold  Deck  Reset 

1  [  ]  Reheat  Coil  Reset 

GROUP 


BUILDING 


SYSTEM 


j.  ■  ■  I.  -  — . .  I 


Applicable  Systems 

I  I.  Electric  Unit  Heater  L  Direct  Fired  Furnace  T.  Steam/Hot  Water  Converter 

I  J.  Electric  Radiation  M.  Direct  Fired  Boiler  V.  HTHW/Hot  Water  Converter 

I  K  Heating/Ventilating  Unit _ Q.  Hot  Water  Radiation _ _ _ 


System  Data  Entry 


1  System  Description:  | 

Variable  Description 

Symbol 

Value 

Units 

Area  of  zone 

Az 

ft* 

Winter  thermostat  setpoint,  occupied 

WSP 

•F 

Low  temperature  limit 

LTL 

•F 

Heating  operation  without  EMCS 

Hh 

hours/week 

Heating  operation  with  EMCS 

HhEMCS 

hours/week 

Heabng  system  efficiency 

HSE 

decimal  I 

Supply  air  capacity 

CFM 

cfm  II 

Present  fraction  of  outside  air  used 

POA 

decimal  H 

Equipment  motor  horsepower 

HP 

bp  1 

Equipment  motor  load  factor 

L 

decimal  | 

Zorte  occupied  hours 

OH 

hours/week  1 

Power  rating  of  resistarrce  unit 

PWR 

Kw  1 

Duty  cycling  shutdown  time 

DCST 

percent  I 

Demand  limiting  shed  time 

DLST 

percent  || 

Winter  thermostat  setpoint  reset 

WSPR 

•F  1 

Winter  setpoint  equipment  operation 

Hwsp 

hours/week  1 

Shutdown  system  when  bldg  unoccupied? 

YorN  1 

Present  warmup  time  before  occupancy 

WU 

hours/day  1 

Heating  equipment  operating  schedule 

Dh 

days/week  fl 

Purge  time  before  occupancy 

PT 

minutes 

Total  input  rating  of  boilers 

CAP 

Btu/hr 

Heating  system  efficierwy  increase 

1 

OAEI 

decimal 
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GROUP 


I  I.  Electric  Unit  Heater 
I  J.  Electric  Radiation 
I  K.  Heatlr>g/Ventilatlng  Unit 


BUILDING 


SYSTEM 


L  Direct  Fired  Furnace 
M.  Direct  Fired  Boiler 
Q.  Hot  Water  Radiation 


T.  Steam/Hot  Water  Converter 
V.  HTHW/Hot  Water  Converter 


System  Data  Entry  (continued) 


Optimum  start/stop  coding  savings 
Optimum  start/stop  dg-vent  savings 
Optimum  start/stop  dg  aux  savings 


Scheduled  start/stop 
Optimum  start/stop 
Duty  cyding 
Derrtand  limiting 
Day/night  setback 
Vent/redre 
HW  outside  air  reset 
Run  time  recording 
Safety  alarm 


labor  savings 
labor  savings 
labor  savings 
labor  savings 
labor  savirtgs 
labor  savings 
labor  savings 
labor  savings 
labor  savings 


MBtu 

or  kWh 

MBtu 

or  kWh 

kWh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

mh 

System  Strategy  Selection  end  Annual  Savings 


GROUP 


BUILDING 


SYSTEM 


System  Description: 


Variable  Description 


Area  of  zone 
Winter  thermostat  setpoint,  occupied 
Low  temperature  limit 


Winter  thermostat  set  point  reset 
Winter  setpoint  equipment  operation 
Heating  system  efficiency 


Day/night  setback  labor  savings 
Run  time  reoordirtg  labor  savings 
Safety  alarm  labor  savirtgs 


Symbol 


System  Strategy  Selection  and  Annual  Savings 


GROUP 


BUILDING 


SYSTEM 


Applicable  Systenw 


!  R.  Steam  Bollar 


S.  Hot  Water  Boiler 


Syitam  Data  Entry 


System  DescHption: 


Variable  Description 


Heating  system  efficiency 
Total  input  rating  of  boilers 
Boiler  conversion  efficiency  ifKfease 
Heating  system  efficiency  inaease 


Steam  boiler  selection  labor  savings 
HW  boiler  selection  labor  savirtgs 
HW  Outside  air  reset  labor  savings 
Run  tinrte  recording  labor  savings 
Safety  alarm  labor  savings 


Symbol 


decimal 

Btu/hr 

dedmai 

decimal 


( ]  Steam  Boiler  Selection 
[  ]  HW  Boiler  Selection 
[  ]  HW  OA  Reset 
( ]  Run  Time  Recording 
[  ]  Safety  Alarm 


System  Strategy  Selection  and  Annual  Savings 


>age 


GROUP 


BUILDING 


SYSTEM 


I  W.  Water  Cooled  DX  Compressor 
I  X.  Air  Cooled  DX  Compressor 


Y.  Air  Cooled  Chiller 

Z.  Water  Cooled  Chiller 


System  Description: 


Variable  Description 


Cooling  operation  without  EMCS 
Cooling  operation  with  EMCS 
Coolirtg  energy  consumption  per  ton 


Equipment  motor  horsepower 
Equipment  motor  load  factor 
Zone  occupied  hours 


Duty  cycling  shutdown  time 
Demand  limiting  shed  time 


Total  capacity  of  chillers 
Chiller  selection  efficiency  increase 
Chiller  water  temperature  reset 


Chiller  type 

Present  condenser  water  temperature 
Present  fan  operation 


Centrifugal  chiller  motor  horsepower 
Centrifugal  chiller  motor  efficiency 
Step  down  percent  of  capacity 
Step  down  percent  of  time 


Optimum  start/stop  cooling  savings 
Optimum  start/stop  cig-vent  savings 
Optimum  start/stop  dg  aux  savings 


Symbol 


HcEMCS 


hours/week 

hours/week 


MBtu  or  kWh 
MBtu  or  kWh 


*•  kW/ton  or  Ib-ton/hr 
**•  Chiller  types: 


**•  Chiller  types:  (1)  Centrifugal  (2)  Absorbtion  (3)  Reciprocal  (4)  Screw  Comp 

****  Present  fan  operation  (1)  Fan  now  cycles  (0)  Fan  now  runs  continuously,  but  vrill  cycle 
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BUILOING 


SYSTEM 


W.  Water  CooM  OX  Compressor 

X.  Air  Cooled  DX  Compressor 


Y.  Air  Cooled  Chiller 

Z.  Water  Cooled  Chiller 


System  Data  Entry  (continued) 


Scheduled  stait/stop 
Optimum  start/stop 
Duty  cydirrg 
Demand  limiting 
Chiller  selection 
Chiller  water  reset 
CoTKlerwer  water  reset 
Chiller  demarKi  limit 
Run  time  recording 
Safety  alarm 


labor  savings 
labor  savings 
labor  savings 
labor  savir^s 
labor  savings 
labor  savings 
labor  savings 
labor  savings 
li^sor  savings 
labor  savings 


System  Strategy  Selection  and  Annual  Savings 


]  Scheduled  Stait/Stop 
]  Optimum  Start/Stop 
]  Duty  Cycling 
]  Demand  Limiting 
]  Chiller  Selection 
]  Chiller  Water  Temp  Reset 
]  Condenser  Water  Temp  Reset 
]  Chiller  Demand  Limit 
]  Run  Time  Recording 


GROUP 


BUILDING 


SYSTEM 


I  AA.  Lighting  Control 


System  Description: 


Variable  Description 


Total  power  consumption  of  lights 
Lighting  operation  without  EMCS 
Lighting  operation  with  EMCS 


Lighting  control  labor  savings 
Run  time  recording  labor  savings 
Safety  alarm  labor  savings 


Symbol 


hours/week 

hours/week 


System  Strategy  Selection  and  Annual  Savings 


( ]  Lighting  Control 
( ]  Run  Time  Recording 
[  ]  Safety  Alarm 


Appendix  F.  BLANK  FORMS  (continued) 


Factor  Summary 
System  Savings  Summary 


GROUP 


BUILDING 


Factor  Summary 


Ref 

Factor 

Calculated  Value 

H 

• 

I 

ACWT 

•F 

4-4.2 

ANDW 

- 

days/year 

4-4.3 

AST 

- 

•F 

4-4.4 

AWT 

*F 

4-4.5 

CFLH 

- 

hrs/year 

4-4.6 

HFLH 

m 

hrs/year 

4-4.7 

WKH 

- 

weeks/year 

4-4.7 

WKC 

- 

weeks/year 

4-4.8 

- 

Btu/ lb 

4-4.9 

PRT 

s 

% 

4-4.10 

UOAO 

Btu/hr«  *  F 

I 

* 

cfm 

Af 

ft’ 

BTT 

Btu/hr*fu' • ‘F 

GROUP 


BUILDING 


SYSTEM 


System  Savings  Summary 


Ref 


5- 


.2 


5-4.3 


5-4 . 4 


.5 


5-4.6 


5- 


5-4.8 


5-4.9 


5-4.10 


5-4.11 


5-4.12 


5-4.13 


5-4.14 


5-4.15 


Strategy 


Optinwn  Start/Sto 


MBtu/yr 


Savings 


kWh/yr 


Mh/yr 


Hot  Deck/ Co Id  Deck 
Temperature  Reset 


Reheat  Coil  Reset 


Boiler  Selection 


Hot  Hater  Outside 
Air  Reset 


Chiller  Selection 


Chiller  Water 
Temperature  Reset 


Condenser  Water 
Temperature  Reset 


Chiller  Demand  Limit 


5-4.16 

Lighting  Control 

5-4.17 

Run  Time  Recording 

5-4.18 

Safety  Alarm 

MBtu  Sub  Total 

Fuel 

+  HV 

Type 

(Sm  Appendix  A) 

Notes  - 

TOTALS 

Mh/yr 


DISTRIBUTION  LIST 


92  CES  /  DEEE.  FAIRCHILD  AFB,  WA 
ACEC  RESEARCH  /  AJ.  WILLMAN,  WASHINGTON,  DC 
AF  /  1040  CES/DEEE,  PATRICK  AFB.  FL 
AF  /  18  CESSfDEEm,  APO  AP 

AF  /  314  CES/CEEE  1  (KINDER),  LTITLE  ROCK  AFB,  aR 

AF  /  750  SPTS/DE,  ONIZUKA  AFB,  CA 

AF  /  92  SG/CEOE,  FAIRCHILD  WA 

AF  /  CES/DEMC  (NEAL),  SHEPPyOlD  AFB.  TX 

AFESC  /  AL/E,(J-TIC  (FL  7050),  TYNDALL  AFB,  FL 

AFESC  /  DBMM/IUS,  TYNT  X  AFB,  FL 

AFESC  /  LQ,  RDVA  &  RDV^W,  TYNDALL  AFB,  FL 

ARMY  /  POJEIM),  APO  AP 

ARMY  CERL  /  ENERGY  SYS  DIV,  CHAMPAIGN,  IL 
ARMY  DEPOT  /  LETTERKENNY,  SDSLE-EN,  CHAMBERSBURG.  PA 
ARMY  TRADOC  /  ATBO-GFE  (EVANS),  FORT  MONROE.  VA 
ARMY  TRADOC  /  ATEN-FE  (BROWE),  FORT  MONROE.  VA 
CITY  OF  EAST  LANSING  /  N.  KING,  EAST  LANSING,  MI 
CITY  OF  RIVERSIDE  /  BLDG  SVCS  DEPT.  RIVERSIDE,  CA 
CITY  OF  SACRAMENTO  /  GEN  SVCS  DEPT.  SACRAMENTO.  CA 
COGUARD  /  SUPERINTENDENT.  NEW  LONDON.  CT 
COM  GEN  FMF  /  PAC,  SCIAD  (G5).  CAMP  HM  SMITH.  HI 
COMFAIR  /  MED.  SCE,  NAPLES.  ITALY,  FPO  AE 
COMFLEACT  /  PWO,  FPO  AP 

COMNAVAIRSYSCOM  /  AIR-714,  WASHINGTON,  DC 

COMNAVAIRSYSCOM  /  CODE  422,  WASHINGTON,  DC 

COMNAVLOGPAC  /  CODE  4318,  PEARL  HARBOR,  HI 

COMSUBDEVGRU  ONE  /  CO,  SAN  DIEGO,  CA 

COMSUBPAC  /  CODE  44A1.  PEARL  HARBOR.  HI 

DEFENSE  DEPOT  /  FACILITY  ENGINEER.  OGDEN,  UT 

DEFENSE  DEPOT  /  STRAND.  OGDEN,  UT 

DEPT  OF  LABOR  /  JOB  CORPS,  (MANN),  IMPERIAL  BEACH.  CA 

DEPT  OF  STATE  /  FOREIGN  BLDGS  OPS.  BDE-ESB,  ARLINGTON.  VA 

DTRCEN  /  CODE  42,  BETHESDA,  MD 

DTRCEN  /  CODE  421.1,  BETHESDA,  MD 

EGAN,  DAVID  /  ANDERSON.  SC 

FACILITIES  DEPT  /  7FAC,  FPO  AP 

GSA  /  HALL.  WASHINGTON.  DC 

IOWA  STATE  UNIV  /  ARCH  DEPT  (MCKROWN),  AMES,  lA 

JOHNSON  CONTROLS,  INC  /  TRNG  DEPT.  MILWAUKEE.  W1 

JOUR  OF  DEF  /  C.  WALLACH.  ED.  CANOGA  PARK.  CA 

KSU  /  FRITCHEN,  MANHATTAN.  KS 

MARCORBASE  /  BASE  MAINT  DEPT,  CAMP  LEJEUNE.  NC 

MARCORBASE  /  FACDLITIES  COORDINATOR.  CAMP  PENDLETON,  CA 

MCAS  /  CODE  1JD.14  (HUANG).  SANTA  ANA.  CA 

MCAS  /  CODE  3JD.  YUMA.  AZ 

MCAS  /  CODE  LCU,  CHERRY  POINT,  NC 

MCAS  /  EL  TORO,  CODE  UD.  SANTA  ANA.  CA 

MCLB  /  CODE  520.  ALBANY.  GA 

MICHIGAN  TECH  UNTV  /  CO  DEPT  (HAAS),  HOUGHTON,  Ml 
NAS  /  CO.  NORFOLK,  VA 


NAS  /  CODE  18300,  LEMOORE,  CA 

NAS  /  CODE  80RE.  MARIETTA,  GA 

NAS  /  CODE  85GC,  GLENVIEW,  IL 

NAS  /  KIRBY,  MERIDIAN,  MS 

NAS  /  MEMPHIS,  CODE  18200,  MILLINGTON,  TN 

NAS  /  OCEANA,  PWO,  VIRGINIA  BEACH,  VA 

NAS  /  PWD  MAINT  DIV,  NEW  ORLEANS,  LA 

NAS  /  PWO,  KEY  WEST,  FL 

NAS  /  PWO,  BERMUDA.  FPO  AE 

NAS  /  l^miBEY  IS,  PWE,  OAK  HARBOR,  WA 

NAS  /  WPNS  OFFR,  ALAMEDA,  CA 

NAS  ADAK  /  CODE  114,  FPO  AP 

NAS  MEMPHIS  /  CODE  N-81,  MILLINGTON,  TN 

NAS  OCEANA  /  ADAMETZ,  VIRGINIA  BEACH.  VA 

NAS  PENSACOLA  /  FAC  MGMT  OFHCER.  PENSACOLA,  FL 

NAS  PENSACOLA  /  GILL.  NAS  PENSACOLA.  FL 

NASA  HDQTRS  /  WICKMAN.  WASHINGTON,  DC 

NATL  ACADEMY  OF  SCIENCES  /  BRB,  (SMEALUE),  WASHINGTON.  DC 

NAVAIRWARCENACDIV  /  CODE  8.  PATUXENT  RIVER.  MD 

NAVAIRWARCENACDIV  /  PWE.  PATUXENT  RIVER,  MD 

NAVAIRWARCENACDIVTRN  /  CO,  TRENTON.  N3 

NAVAIRWARCENACDIVWAR  /  CODE  832,  WARMINSTER,  PA 

NAVAIRWARCENACDIVWAR  /  CODE  8323,  WARMINSTER.  PA 

NAVAIRWPNSTA  /  CODE  6200.  POINT  MUGU,  CA 

NAVAIRWPNSTA  /  CODE  07301  (CORRIGAN).  POINT  MUGU,  CA 

NAVAVNDEPOT  /  CODE  647,  CHERRY  POINT,  NC 

NAVCOASTSYSCEN  /  PWO  (CODE  740),  PANAMA  CITY,  FL 

NAVCONSTRACEN  /  CODE  B-1.  PORT  HUENEME,  CA 

NAVFACENGCOM  /  CODE  OSIA,  ALEXANDRIA,  VA 

NAVFACENGCOM  CONTRACTS  /  DROICC,  LEMOORE,  CA 

NAVFACENGCOM  CONTRACTS  /  ROICC,  SANTA  ANA.  CA 

NAVFACENGCOM  CONTRACTS  /  SASEBO.  FPO  AP 

NAVHOSP  /  CO,  MILUNGTON,  TN 

NAVMEDCOM  /  NWREG.  FAC  ENGR.  PWD,  OAKLAND.  CA 

NAVORDSTA  /  CODE  0922B1.  INDIAN  HEAD.  MD 

NAVORDSTA  /  PWO.  LOUISVILLE.  KY 

NAVPWC  /  TAYLOR,  PENSACOLA.  FL 

NAVRESCEN  /  DIR,  FAM  HSNG,  SIOUX  CITY,  lA 

NAVSCSCOL  /  PWO.  ATHENS.  GA 

NAVSEA  DET  !  NISMF  PEARL  HARBOR,  WAIPAHU,  HI 

NAVSEASYSCOM  /  CODE  56Z4.  WASHINGTON,  DC 

NAVSECGRUACT  /  CODE  31  PWO,  FPO  AA 

NAVSECGRUACT  /  PWO  (CODE  40).  EDZELL.  SCOTLAND.  FPO  AE 

NAVSECGRUACT  /  PWO.  CHESAPEAKE,  VA 

NAVSECGRUACT  /  PWO,  FPO  AP 

NAVSECSTA  /  CODE  60,  WASHINGTON.  DC 

NAVSHIPYD  /  CODE  308.05,  PEARL  HARBOR.  HI 

NAVSHIPYD  /  CODE  450.  BREMERTON.  WA 

NAVSHIPYD  /  CODE  450.4.  CHARLESTON,  SC 

NAVSHIPYD  /  CODE  453.  CHARLESTON,  SC 


NAVSHIPYD  /  CODE  903,  LONG  BEACH.  CA 

NAVSHIPYD  /  MARE  IS,  CODE  202.13,  VALLEJO.  CA 

NAVSHIPYD  /  MARE  IS.  CODE  421,  VALLEJO,  CA 

NAVSHIPYD  /  MARE  IS,  CODE  440,  VALLEJO,  CA 

NAVSHIPYD  /  MARE  IS.  CODE  457,  VALLEJO,  CA 

NAVSHIPYD  /  PWO  CODE  400,  CHARLESTON.  SC 

NAVSTA  /  CODE  0DA2,  SAN  DIEGO.  CA 

NAVSTA  /  CODE  4216,  MAYPORT,  FL 

NAVSTA  /  CODE  423,  NORFOLK.  VA 

NAVSTA  PUGET  SOUND  /  CODE  922,  EVERETT,  WA 

NAVSUBBAS  /  AMES,  NEW  LONDON.  CT 

NAVSUPCEN  /  CODE  700A.1,  NORFOLK.  VA 

NAVSUPPACT  /  CO.  NAPLES,  ITALY,  FPO  AE 

NAVSUPPACT  /  PWO,  NAPLES.  ITALY,  FPO  AE 

NAVSUPPFAC  /  CONTRACT  ASSISTANT.  FPO  AP 

NAVSUPSYSCOM  /  CODE  0622,  WASHINGTON,  DC 

NAVTECHTRACEN  /  UPSON,  PENSACOLA,  FL 

NAVTRASTA  /  PWO,  ORLANDO,  FL 

NAVWPNSTA  EARLE  /  PWD  (LENGYEL),  COLTS  NECK,  NJ 

NAWS  /  ROICC  NIEMI,  POINT  MUGU,  CA 

NETC  /  40E.  NEWPORT.  RI 

NFESC  /  CODE  ESC20,  PORT  HUENEME,  CA 

NORDA  /  CODE  352,  NSTL,  MS 

NORTHDIV  CONTRACTS  OFFICE  /  ROICC,  PORTSMOUTH.  NH 

NORTHNAVFACENGCOM  /  CODE  04,  LESTER.  PA 

NORTHNAVFACENGCOM  /  CODE  164,  LESTER.  PA 

NORTHNAVFACENGCOM  /  CODE  203/TB.  LESTER,  PA 

NORTHNAVFACENGCOM  /  CODE  408AF,  LESTER.  PA 

NRL  /  CODE  2511.  WASHINGTON,  DC 

NRL  /  CODE  2530.1,  WASHINGTON,  DC 

NRL  /  CODE  4670,  WASHINGTON,  DC 

NSC  /  CODE  43.  OAKLAND.  CA 

NSGA  /  UNIT  35167.  APO  AP 

NSGA  NORTHWEST  /  CODE  40A.  CHESAPEAKE.  VA 

NUSC  DET  /  CODE  5202  (SCHADY).  NEW  LONDON.  CT 

OICC  /  ENGR  AND  CONST  DEPT.  APO  AE 

PACIFIC  MARINE  TECH  /  M.  WAGNER,  DUVALL,  WA 

PACNAVFACENGCOM  /  CODE  1112,  PEARL  HARBOR.  HI 

PWC  /  CODE  101,  GREAT  LAKES.  IL 

PWC  /  CODE  123C.  SAN  DIEGO.  CA 

PWC  /  CODE  423/KJF,  NORFOLK.  VA 

PWC  /  CODE  610.  SAN  DIEGO.  CA 

PWC  /  CODE  612.  PEARL  HARBOR.  HI 

PWC  !  CODE  612,  PEARL  HARBOR.  HI 

PWC  ENVIRONMENTAL  GROW  /  CODE  951,  OAKLAND.  C.4 

PWC/  CODE  400.  WASHINGTON.  DC 

RADIANT  EQUIP  CO  /  AMO.  SAN  ANDREAS.  CA 

SAN  DIEGO  PORT  /  AUSTIN,  SAN  DIEGO,  CA 

SEATTLE  PORT  /  DAVE  VAN  VLEET.  SEATTLE.  WA 

SEMITE  PORT  /  DAVID  TORSETH,  SEATTLE.  WA 


SOUTHNAVFACENGCOM  /  CODE  04A.  NORTH  CHARLESTON.  SC 
SOUTHNAVFACENGCOM  /  CODE  16nTF.  NORTH  CHARLESTON,  SC 
SOUTHNAVFACENGCOM  /  CODE  162,  NORTH  CHARLESTON,  SC 
SOUTHNAVFACENGCOM  /  CODE  1621,  NORTH  CHARLESTON.  SC 
SOUTHNAVFACENGCOM  •  CODE  403  (S.  HULL),  NORTH  CHARLESTON,  SC 
SOUTHNAVFACENGCOM  /  CODE  404  (REL),  NORTH  CHARLESTON,  SC 
SOUTHNAVFACENGCOM  /  CODE  4051.  NORTH  CHARLESTON,  SC 
SPCC  /  CODE  082,  MECHANICSBURG,  PA 

TECHNOLOGY  UTEJ2ATION  !  K  WILUNGER.  WASHINGTON.  DC 

TENNESSEE  TECH  UNIV  /  T.  LUNDY,  COOKEVEiE,  TN 

TEXAS  A&M  UNIV  /  ENERGY  TRNG  DIV  (DONALDSON),  HOUSTON,  TX 

TRIDENT  TRAINING  FAC  /  ANDERSON.  KINGS  BAY.  GA 

TRIREFFAC  /  BANGOR.  CODE  213.  BREMERTON.  WA 

UNIV  OF  ALABAMA  /  DIR  FAC  MGMT  (BAKER).  BIRMINGHAM.  AL 

UNIV  OF  ALABAMA  /  PRUITT,  BIRMINGHAM,  AL 

UNIV  OF  FLORIDA  /  ARCH  DEPT  (MORGAN).  GAINESVILLE.  FL 

UNIV  OF  NEW  HAMPSHIRE  /  ELEC  ENGRG  DEPT,  DURHAM,  NH 

UNIV  OF  NEW  MEXICO  /  NMERI  (FALK),  ALBUQUERQUE,  NM 

UNIV  OF  PENNSYLVANIA  /  INST  ENVIRON  MEDICINE.  PHILADELPHIA,  PA 

UNIV  OF  PITTSBURGH  /  HOLLAND,  PITTSBURGH.  PA 

US  DEPT  OF  INTERIOR  /  BLM.  ENGRG  DIV  (730),  WASHINGTON.  DC 

USAEH  /  DAIM-FDF-U,  FT  BELVOIR,  VA 

USCG  /  G-ECV-4B,  WASHINGTON,  DC 

USN  /  CAPT  COLiN  M  JONES,  HONOLULU,  HI 

USPS  /  BILL  POWELL.  ARLINGTON.  VA 

VENTURA  COUNTY  /  DEPUTY  PW  DIR,  VENTURA,  CA 

WESTNAVFACENGCOM  /  CODE  162,  SAN  BRUNO,  CA 

WESTNAVFACENGCOM  /  CODE  405,  SAN  BRUNO,  CA 

WESTNAVFACENGCOM  /  ROICC,  SILVERDALE.  WA 


